Omnivory, broadly defined as feeding on more than one trophic level, is an ecological habit that ought to be widespread. At the most basic level, the omnivorous animal, as a generalist, should have higher performance in variable environments than some more specialized feeder. Yet the problem of which, why, and how organisms are omnivorous was somehow supplanted by the apparent observation that omnivory is rare in nature and destabilizing in food webs. From an historical perspective, Joel E. Cohen and Stuart L. Pimm independently began to advocate the ''rare and destabilizing'' position in the late 1970s. Unfortunately, naturalists who knew better failed to displace this notion.
INTRODUCTION
For our consideration of omnivory, we focus on the contribution of nitrogen (N) limitation to feeding strategies in terrestrial arthropods. We adopt a broad view in which omnivory is defined as feeding on two or more trophic levels (Menge and Sutherland 1987, Polis and , a definition that includes ''herbivores'' that extract nutrients from nonplant sources (e.g., engage in cannibalism), ''predators'' that feed on both herbivores and selected plant tissues (e.g., seeds, pollen), as well as predators that feed on herbivores and other predators (e.g., intraguild predators, facultative hyperparasitoids) (Coll 1998 , Sullivan and Vö lkl 1999 . Omnivory is widespread in terrestrial arthropods, occurring across a diversity of taxa that occupy a wide variety of habitats . The profound consequences of omnivory for population and food web dynamics (Menge and Sutherland 1987 , Eubanks and Denno 2000a , landscape ecology , and biological control (Rosenheim et al. 1995 , Hodge 1999 are just beginning to be realized. Thus, understanding the factors that promote and maintain omnivory in ecosystems is critical across a broad Manuscript received 19 June 2002; accepted 14 August 2002. Corresponding Editor: A. A. Agrawal. For reprints of this Special Feature, see footnote 1, p. 2521. spectrum of ecology. In this paper, we explicitly address the limiting role of N in promoting omnivory, not so much in the historical context of herbivores supplementing their nutrient-poor plant diets , but instead extending the discussion to include species feeding at higher trophic levels.
Recently, important connections between omnivory and nutrient flow in ecosystems have emerged (e.g., Ostrom et al. 1997) . One such linkage has been identified using the framework of ecological stoichiometry, the study of the relative balance of nutrients and energy in organisms from different trophic levels (Elser et al. 1996 Sterner and Elser 2002) . This emerging framework provides opportunities for connecting omnivory with larger-scale processes such as food web and ecosystem dynamics through its focus on the functional consequences of nutrient and energy flow between trophic levels. One of the most profound consequences of a stoichiometric perspective is that gross growth efficiencies of consumers are influenced by their demands for limiting resources . A classic example is the mismatch in C:N content between herbivores and their host plants that has led to a diversity of behavioral, physiological, and ecological adaptations in herbivores that help offset this inherent discrepancy (McNeill and Southwood 1978 . Because of stoichiometric mismatches, an herbivore with a specific body composition (e.g., C:N ratio) cannot take full advantage of WHY OMNIVORY?
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FIG. 1. Predators regularly incorporate other predators in their diets. Plotted data (Hodge 1999) summarize the frequency of intraguild predation (percentage of diet) for spiders. Additional examples show that there are predators specializing at both ends of the diet spectrum such as aphidophagous syrphids feeding exclusively on herbivores (Rotheray and Gilbert 1989) and pompilid wasps and aranaeophagic spiders specializing on predators (Li and Jackson 1997). resource biomass with insufficiently low nutrient content. In a sense, available C in excess of the consumer's body requirement for N is ''wasted'' , because it cannot be utilized for growth. However, this excess C may be available for other uses such as foraging or dispersal. Stoichiometric limitations are especially critical to herbivore growth processes , but dietary mismatches can also limit the processes of reproduction and self-maintenance. Based on accumulating evidence concerning the stoichiometric structure of foodwebs (Fagan et al. 2002, Sterner and , we will argue here that stoichiometric mismatches, similar but less severe than the wellknown herbivore-plant mismatch, also exist at higher trophic levels, and that these disparities appear functionally connected to the preponderance of omnivory among terrestrial arthropods.
Here, we explore how stoichiometric imbalances across trophic levels, particularly those involving N, may generate trophic complexity via omnivory in terrestrial arthropod food webs. We first detail the background for our thinking, outlining the regularity of prey limitation for terrestrial arthropod predators and its manifold consequences, including extensive omnivory. We next discuss the evidence for N-limitation in predators, and outline the consequences of such N-limitation for predator fitness and prey selection. To synthesize our views we describe the conditions favoring omnivory and intraguild predation over strict predation on herbivores. We conclude by discussing some of the ecological consequences of omnivory, emphasizing how mismatches in nutrient stoichiometry across trophic levels may influence patterns of diet breadth, lineage diversification, and food web structure.
THE WIDESPREAD OCCURRENCE OF OMNIVORY
An extensive literature documents instances of ''herbivorous'' arthropods occasionally or frequently feeding at higher trophic levels (McNeil and Southwood 1978, Coll and . These include instances of cannibalism and interspecific predation that are often viewed as mechanisms for obtaining supplemental N from sources other than host plants (McNeill and Southwood 1978) . In some cases, such as some conocephaline katydids, extensive plant feeding occurs, but individuals cannot complete development without consuming prey (R. Denno, unpublished data) . For omnivorous flower thrips, reductions in plant quality cause shifts from herbivory to predation (Agrawal et al. 1999) . Similarly, many ''predators'' either occasionally or frequently feed on N-rich plant parts (e.g., pollen and seeds) in addition to animal prey (Coll 1998, Coll and , and in so doing, can persist through periods of prey scarcity Strong 1996, Eubanks and . Numerous omnivores perform best on mixed diets of plants and prey when compared to restricted feeding on either diet (Coll 1998) . Nonetheless, across a diversity of omnivorous arthropods, a spectrum of dietary mixing exists with the fraction of plant material and prey varying greatly, and with both obligate and facultative mixing strategies represented (Coll 1998 , Thompson 1999 .
Omnivory is also prevalent at higher trophic levels, where predators or parasitoids not only attack herbivores but also prey extensively on other predators (Rosenheim 1998, Sullivan and Vö lkl 1999) . For example, intraguild prey comprised 3% to 75% (mean ϳ20%) of prey taken for 45 spider species in 12 families (Hodge 1999; Fig. 1) . Facultative hyperparastioids and predators that feed on parasitized herbivores are omnivorous by virtue of intraguild or multitrophic-level predation , Hodge 1999 , Sullivan and Vö lkl 1999 . The behavior underlying these diverse examples of omnivory can be categorized as either coincidental or directed in nature (reviewed in ).
PREY LIMITATION AND ITS CONSEQUENCES
FOR PREDATORS Spiders (Riechert and Harp 1987 , Tanaka 1991 , Hodge 1999 , mites (McRae and Croft 1997) , scorpions (Polis and McCormick 1986) , mantids (Hurd and Eisenberg 1984) , heteropterans (Spence and Carcamo 1991) , beetles (Lenski 1984 , Bommarco 1999 , caddisflies (Wissinger et al. 1996) , neuropterans , and wasps (Mead et al. 1994 , Stamp 2001 ) are among the many predatory arthropod taxa that routinely face prey limitation. Evidence for this limitation includes a variety of responses to local increases in prey density, such as aggregation in areas of high prey density (Dö bel and Denno 1994) , increased population growth , or enhanced survival or fecundity (Wise 1979 . Similar effects have been shown for parasitoids whose fitness and or population size is affected by host availability (Thompson 1999) . However, this extensive documentation of prey limitation generally leaves unresolved the issue of what specifically limits predator success. In some cases, prey scarcity may limit predators (see , but other studies strongly suggest that limitation occurs at a more fundamental biochemical level, such that gross protein or essential amino acids are in fact the limiting constituents of an arthropod predator's diet (e.g., Bonnot 1986, Thompson 1999 , Pennacchio et al. 1999 , Toft 1999 . Thus, N limitation, documented historically at the plant-herbivore interface , may also constrain predator performance. C:N RATIOS OF HERBIVORES EXCEED THOSE OF PREDATORS How does prey limitation of predators fit within a larger food web context? To begin answering this question, consider a trade-off between the quantity and quality of resources that appears to exist across trophic levels in food webs ( Fig. 2A ). For example, ecologists have long recognized that biomass decreases with increasing trophic level, with transfer efficiencies of 4 to 33% being documented (e.g., Price 1984, Pauly and Christensen 1995) . In contrast, resource quality increases with trophic position, starting with the major jump in quality across the plant-herbivore interface. More recently, however, a difference between the N content of arthropod predators and herbivores also has been observed. In particular, terrestrial arthropod predators have consistently higher N content and a lower C:N ratio than do phylogenetically related herbivores (Fig. 2B) . Indeed, on an absolute basis, predatory insects were found to have from 0.5 to 3 percentage points more N per unit biomass than their herbivorous relatives, with these percentage-point differences representing a 5% to 27% relative increase in N-content and thus dietary demand. This difference persists after accounting for allometry, gut dilution, and other potentially confounding factors.
Several potential explanations for the elevated N content, and thus lower C:N ratio, of predators over herbivores are detailed in . We only briefly touch on these here. First, predators may have higher N content than herbivores simply as a consequence of eating food with higher N content. Second, differential body composition may be selected for directly (in herbivores, predators, or both) in response to the differential scarcity of dietary N. For example, herbivores might be able to adapt to low-N food by substituting low-N materials for high-N materials in con-structing some body parts, such as cuticle. Third, differential N content may be an indirect consequence of adaptation to different trophic habits. For example, herbivory and predation might select for different allocations to muscle vs. other lower-N structures. Fourth, higher N in predators may reflect sequestration or other adaptive (or maladaptive) responses to problems created by a dietary N supply that exceeds their needs. Carefully planned experiments where omnivores are fed diets of N-rich (predators) or N-poor prey (herbivores), coupled with tissue dissection and analysis would help distinguish among these potential explanations. To our knowledge, experiments to identify the relative importance of these mechanisms or clarify the circumstances under which they would operate have yet to be conducted. Regardless of the underlying explanations, however, a clear difference in N content exists between herbivorous and predaceous arthropods.
EVIDENCE FOR NITROGEN LIMITATION
IN PREDATORS Is the elemental mismatch in body content (C:N) sufficient to impose stoichiometric constraints on predator growth, reproduction, and other contributors to fitness? Urabe and Watanabe (1992) explored the issue of prey quality-limitation from a quantitative perspective. They developed the concept of the ''threshold elemental ratio'' (hereafter TER), which identifies the level at which consumers are limited by the nutritional quality of their prey vs. ''energy-'' or C-limited. Mathematically, a simple version of the TER can be expressed as (C:N /C:N ) Ͼ ␣ /␣ prey predator N C (1) where ␣ N is the maximum gross growth efficiency for N (i.e., the fraction of ingested N that the predator converts into new biomass), ␣ C is the maximum gross growth efficiency for C, and C:N prey and C:N predator are the C:N ratios of prey and predator biomass, which are assumed to be species specific and under strong homeostatic regulation. Analysis of our arthropod data set showed consistent evidence for N-limitation, and also suggested that specific herbivore-predator pairs (e.g., aphid-ladybug) could face strong N limitation . Consideration of potential distributions of C:N resource / C:N consumer for all possible plant-herbivore, herbivorepredator, and predator-predator pairs from compiled databases provides additional insight into the TER issue ( Fig. 2C ). Admittedly, some of these combinations would not occur in nature by virtue of differences in regional distribution, body size, host specificity, and behavior among the species in the database. Nevertheless, they provide a rough estimate of the kinds of consumer-resource combinations that can occur. Several observations can be gleaned from these distributions. For example, even if one excludes the 2.5% of the plant-herbivore com-WHY OMNIVORY?
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FIG. 2. Ratio of carbon to nitrogen (C:N) content across trophic levels, among taxa, and between potential resourceconsumer pairs. Panel (A) outlines a trade-off between decreasing resource availability (standing crop biomass, on a logarithmic axis) and increasing resource quality (i.e., decreasing C:N ratio) across four trophic levels. Resource quantity curves represent hypothetical scenarios assuming trophic transfer efficiencies of 4% and 33% between adjacent trophic levels and are scaled relative to plant biomass. Resource quality data are averaged across phylogenetic, allometric, and other sources of intratrophic-level variation. Panel (B) gives the mean (ϩ1 SE) C:N ratio for herbivorous and predaceous arthropods, grouped phylogenetically according to lineage. The groupings lower Neoptera and Panorpida facilitate comparisons of herbivorous Orthoptera with predaceous Mantodea, and herbivorous Lepidoptera with predaceous Diptera, respectively. Panel (C) gives frequencies of relative C:N ratios of resources and consumers in terrestrial arthropod food webs determined by calculating all pairwise combinations of resource versus consumer C:N ratios. Resource quality data are from and , the latter of which provides statistical analyses documenting consistent and significant differences in N content between predaceous and herbivorous arthropods.
binations that are most nutrient rich, 22% of the herbivore-predator combinations are as N limited as are better matched plant-herbivore combinations (C:N ratios ranging from 1.4 to 3.1). In comparison, 48% of predator-predator combinations have ratios Յ1, suggesting substantial opportunities for predators to obtain relatively N-rich diets via intraguild predation.
These findings also have interesting implications for understanding predator foraging strategies. For ex-ample, one way for a growing predator to avoid nutrient limitation is to increase its expenditure or excretion of C, thus lowering ␣ C . This leads to the expectation that predators with high N requirements will more likely be active hunters rather than sit-and-wait predators. extended the TER concept to explore explicitly the interaction between the quality and quantity of prey. He suggested that the TER is a decreasing function of prey quantity, such that the threshold for nutrient limitation becomes higher as food becomes scarcer. This result makes intuitive sense in that prey quality will not be a major consideration if a consumer is starving for energy. Thus, predators that routinely face severe shortages of prey and/or lack efficient search mechanisms to increase prey availability are more likely to be limited by energy (C) than by mineral nutrients such as N.
CONSEQUENCES OF NITROGEN LIMITATION FOR PREDATOR FITNESS AND PREY SELECTION
On the empirical front, impacts of N limitation and dietary balance on components of fitness occur for spiders (Uetz et al. 1992 , Toft 1999 and other invertebrate predators such as predaceous stink bugs (Strohmeyer et al. 1998) . For example, the experimental addition of amino acids to the diet of wolf spiders enhanced their growth and survivorship (Mayntz and Toft 2001) , and jumping spiders exhibited enhanced survivorship when provisioned with intraguild spider prey than with a mix of N-poor herbivorous insects (Li and Jackson 1997) . Web reclamation, in which spiders recycle their protein-rich silk (Opell 1998) , may also indicate N limitation. These results are particularly interesting in light of recent data suggesting that on average the N content of spiders (11.7%) not only statistically exceeds that for herbivorous insects (9.5%), but also is higher than that for predatory insects in general (10.8%) . Thus, the N demand for spiders may be more difficult to meet than that for most predatory insects, and that may make N limitation especially widespread among spiders.
Parasitoids also typically achieve optimal growth and survival on high-protein diets (Thompson 1999 ). For example, host feeding (including intraguild predation) in hymenopterous parasitoids improved survival and fecundity (Jervis and Kidd 1986, Thompson 1999) and the protein content of eggs (LeRalec 1995) . Likewise, for a tachinid parasitoid, development time was negatively correlated with dietary protein and amino-acid levels (Bonnot 1986). Collectively, these studies suggest that N can limit many predators and parasitoids. Counterexamples occur, suggesting that N limitation of predators is not universal, or can be diminished by other factors, such as temporal variation in resource quality (e.g., Duval and Williams 2000) .
Predators and omnivores often eat their exuviae upon molting, a behavior that has been attributed to nitrogen limitation (Mira 2000) . Other evidence that N is limiting for arthropod predators comes from species that benefit from cannibalism. Although potentially maladaptive, cannibalism does present an opportunity for a near-perfect stoichiometric match between predator and diet, and thus may represent one way to meet specific nutrient requirements under certain circumstances. Heteropterans (Spence and Carcamo 1991) , coccinellid beetles (Snyder et al. 2000) , and some mites (Schaus-berger and Croft 2000) show increased performance or survival when fed conspecifics, but the reverse is true for some spiders (Toft and Wise 1999a) and some mites (Schausberger and Croft 2000) .
Further evidence that N is limiting for predators comes from their dietary choice of plant tissues . Many predatory heteropterans and coccinellid beetles select seeds, flowers, fruits, or pollen on which to feed (Coll 1998, Eubanks and , all plant parts with high N contents (NcNeill and Southwood 1980, Mattson 1980 ). On average, however, the N content of herbivorous prey is higher (6-10%) than that of even these N-rich plant tissues (4-6% N) .
Given the substantial volume of evidence supporting N limitation in arthropod predators, one can ask if predators generally prefer to feed on N-rich prey (other predators) over less nutritious options (herbivores), as suggested by Polis (1981) and as predicted by optimalforaging models and dynamic optimization (Waldbauer and Friedman 1991, Strand and Obrycki 1996) . Indeed, some predators selectively feed on the most nutritious prey available (Greenstone 1979 , Finke and Denno 2002 . In other studies, predators or parasitoids preferred larger prey (Endo and Endo 1994) , ''higher quality prey'' (Strand and Obrycki 1996 , Toft 1999 , Toft and Wise 1999b , ''less toxic prey'' (Toft 1999 , Toft and Wise 1999b , Stamp 2001 , or ''more palatable prey'' (Stamp 2001) , but such preferences were not explicitly linked to the N content of the prey. Not all arthropod predators, however, select the most nutritious prey item from the available spectrum (Toft 1999) . In some cases, predators do not discriminate among prey of differing N contents (Duval and Williams 2000) , and in other instances they choose less nutritious prey (Eubanks and Denno 2000b) . In almost all studies of prey selection by predators, however, potential differences in prey nutrition are confounded by differences in prey behavior, size, toxicity, or abundance , Endo and Endo 1994 , Strohmeyer et al. 1998 , Toft and Wise 1999a , Eubanks and Denno 2000b , Stamp 2001 , Finke and Denno 2002 . Overall, only limited data are available to verify that, all else being equal, arthropod predators selectively attack the most nutritious prey.
It could also be argued that predators sequestering N in their exoskeleton (Oxford 1998) , and engaging in excessive killing and partial prey consumption (Sih 1987, Riechert and Maupin 1998) stand as evidence against N limitation. However, each of these potential counterexamples has alternative interpretations. For instance, spiders' guanine-rich exoskeletal pigments are not just waste products but may also serve adaptive functions including crypsis, aposematism, and thermoregulation (Oxford 1998) . Also, the partial consumption of prey has multiple explanations (Sih 1987 , Cohen 1995 , Riechert and Maupin 1998 , not the least WHY OMNIVORY?
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Because predatory arthropods contain more N per unit biomass on average than do herbivores Fig. 2B) , predators could reduce this inherent stoichiometric mismatch by concentrating their feeding on other predators. Several arthropod predators, including numerous araneophagic spiders (e.g., Li and Jackson 1997) , some fireflies (Eisner et al. 1997) , and many obligate hyperparasitoids (Sullivan and Vö lkl 1999) in fact specialize on other predators or primary parasitoids. More commonly, however, predators with specialized diets feed exclusively on herbivorous prey (Rotheray and Gilbert 1989 , Strand and Obrycki 1996 , Thompson 1999 . In the case of many coccinellid and syrphid predators that specialize on aphids and scale insects (Rotheray and Gilbert 1989) , their prey are N deficient compared to many other insect herbivores . In these instances, the apparent nutritional disadvantage of feeding on such N-deficient prey is offset in part by specializing on prey that are often extremely abundant, aggregated, sessile, and easy to catch (e.g., Dixon 1998; Fig. 2A ).
PREDATORS COPING WITH THE STOICHIOMETRIC CONSTRAINTS OF LOW-NITROGEN PREY
Faced with prey of lower than optimal nutritive value, predators employ a diversity of mechanisms to makeup shortfalls in key nutrients. One of the most obvious methods available to a consumer faced with poor-quality resources is feeding compensation, the process of increasing feeding rate (Simpson and Simpson 1990, Slansky 1993) . Though extensively employed by herbivores, the extent to which predators employ feeding compensation is not clear. Furthermore, even when used, feeding compensation is not a universally successful solution to problems of nutrient acquisition because physiological constraints such as maximal gut capacity and throughput time limit the degree to which eating more can compensate for eating nutrient-poor food (Johnson et al. 1975 , Sih 1987 ). In addition, compensatory feeding on low-quality food can lead to increased levels of dietary toxins, and these toxins can negatively affect growth, survival, and other contributors to herbivore fitness (Slansky and Wheeler 1992) . Predators also accumulate prey-derived toxins with adverse effects (Toft and Wise 1999a, Francis et al. 2001 ), but the two-way relationship between feeding rate and toxin accumulation has not been investigated extensively in predators. In a stoichiometric context, a possible disadvantage to feeding compensation is that in the process of satisfying an absolute need for nutrients, such feeding increases the absolute amount of extra C that must be used or eliminated.
Predators can also cope with low-quality prey by efficiently extracting nutrients and by increasing extraction rates (Cohen 1995, Furrer and Ward 1995) . These processes are enhanced by extra-oral digestion (hereafter EOD), a mechanism by which an estimated 79% of predatory insects and arachnids feed (Cohen 1995) . For example, both heteropterans and carabid beetles are highly efficient at extracting nutrients from prey, reaching efficiencies of 94% and 84%, respectively (Cohen 1995) . Some parasitoid larvae selectively ingest particulate materials within their host and employ EOD, a behavior that concentrates nutrients and promotes rapid growth (Wu et al. 2000) . The advantages of EOD are reduced handling time, increased extraction rate of nutrients, and an increase in the efficiency of nutrient extraction and concentration, allowing small predators to obtain nutrients from relatively large prey (Cohen 1995) .
EOD also allows for the differential extraction of nutrients from prey, whereby proteins are ingested earlier in the feeding process than are lipids (Cohen 1995) . In a stoichiometric context, such differential extraction would be advantageous by reducing the intake of C relative to more limiting nutrients. For example, by consuming internal tissues of their prey, the predators avoid consumption of the high C:N exoskeleton and thus avoid dilution of prey tissue N with excess carbohydrate. The rapid and selective ingestion of N from prey may also explain why predators occasionally consume only part of the utilizable portion of their catch (see Johnson et al. 1975 , Sih 1987 , Riechert and Maupin 1998 . Thus, when faced with low-quality prey, an alternative to feeding compensation is selective feeding via enhanced discrimination among prey (Greenstone 1979) and differential extraction of high-value nutrients from prey (Cohen 1995 , Furrer and Ward 1995 , Wu et al. 2000 .
THE NUTRITIONAL ADVANTAGE OF AN OMNIVOROUS DIET
Having established a difference between the N content of predators and prey, a key issue that emerges is whether the difference is large enough to promote omnivory? In other words, under what conditions does a predator that feeds on other predators enhance its rate of N uptake over one that feeds only on herbivores? Specifically, might a predator face increases in handling time or difficulties in assimilating N from predator tissues that outweigh the potential gain from feeding on prey with lower C:N content? As a preliminary exploration of this issue, we examined the relative gain in N uptake that a predator would enjoy as a function of three factors: (1) the proportion of diet made up of other predators, (2) the average nutritional advantage from feeding on predators with low C:N tissues, and (3) the cumulative (dis)advantages resulting from differences in handling times or assimilation efficiencies. To calculate a dimensionless measure of nutritional advantage, we used the following equation:
ROBERT F. DENNO AND WILLIAM F. FAGAN , Vol. 84, No. 10 FIG. 3. Nutrient uptake for omnivores with mixed diets of herbivores and predators. Panel (A) depicts the case in which predators more quickly or efficiently take up nutrients from other predators. In (B), nutrient uptake rates from predators and herbivores are equal, whereas in (C), uptake rates from predators are slower or less efficient than from herbivores (see Eq. 2). Provided that nutrients are not more difficult to extract from predators than herbivores, predators can increase their nutrient uptake relative to an all-herbivore diet by eating either more predators or more nutrient-rich predators.
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where pdiet p is the proportion of a predator's diet made up of predators (see Fig. 1 ), ⌬N p/h is the relative nutrient (e.g., N) content of predator tissue vs. herbivore tissues (see Fig. 2C ), and ⌬e p/h is the relative rate with which the predator can uptake nutrients from predator vs. herbivore tissues (accounting for the cumulative effects of potential differences in assimilation efficiency, handling time, and related factors). Fig. 3 shows how the conditions favoring omnivory over strict predation on herbivores vary depending on the three factors and nutrient uptake efficiencies. Provided that nutrients are not substantially more difficult to extract from predators than herbivores, predators can increase their nutrient uptake relative to an all-herbivore diet by eating either more predators or more nutrient-rich predators. We don't include search time here because we do not think the pertinent question is whether predators should seek out other predators as prey, but rather if a predator encounters another predator, is it advantageous to include that individual?
SYNTHESIS AND PROSPECTUS
Omnivory occurs ubiquitously among terrestrial arthropods and has important consequences for the theory, practice, and application of ecology. Here, we have argued that ecological stoichiometry should be included in the mix of factors that bear on the prevalence of omnivory. Specifically, we suggest that the mismatch in N content of organisms across trophic levels is one factor promoting extensive omnivory in terrestrial arthropod assemblages, and may help explain the prevalence of predator-predator interactions. That predators should base their foraging decisions on prey nutrition is not a new view (Toft 1999 , Thompson 1999 . What is novel here is the recognition that predators can more effectively meet their N demands by feeding on other predators rather than on herbivores, because of the recently discovered higher average N content of predators Fig. 2B) .
Although stoichiometric mismatches in nutrient content between ''herbivores'' and ''predators'' may be an important factor promoting omnivory, such a feeding strategy may require an evolutionary break from specializations associated with feeding either on low quality, abundant resources or higher quality but scarcer resources. Preadaptations may facilitate such transitions from specialist consumer to omnivore. For example, herbivores that use sucking mouthparts and EOD to feed on tough, but nutrient-rich seeds could, with relatively few changes, employ the same physiological adaptations to penetrate arthropod exoskeletons. Likewise, predators that mechanically or chemically subdue mobile herbivore prey would be well equipped to employ the same techniques against mobile predators.
Mismatches in nutrient stoichiometry across trophic levels may also contribute to patterns of diet breadth and diversification. For example, overcoming the se-vere plant-herbivore mismatch in N availability likely presents greater ecological/evolutionary challenges than does compensating for the smaller discrepancies among consumer species ( Fig. 2A ). Evolved solutions WHY OMNIVORY?
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to the plant-herbivore N mismatch (e.g., McNeill and Southwood 1978) may involve physiological, morphological, or behavioral modifications that constrain herbivores from employing alternative strategies for acquiring N such as feeding on a diversity of plant parts or taxa. Such constraints have promoted monophagy, dietary specialization, and diversification in such taxa (Bernays and Graham 1988) . In contrast, stoichiometric differences between predators and herbivores are not as extreme, and overcoming these smaller disparities may not constrain predators in the same way that N limitation affects herbivores. In other words, ''predators'' can make up the difference by dietary supplementation and opportunistic, generalized feeding habits rather than by specialization, thus providing the motivation and prospect for feeding across trophic levels. Thus, as the disparity in C:N stoichiometry between consumers and their resources decreases from lower to higher trophic levels, we expect there to be a general dietary trend from specialization to supplementation and omnivory. We suspect one reason why lineages of herbivorous insects are far more diverse than their predatory sister groups (Mitter et al. 1988 ) is because dietary specialization and dietary supplementation have very different consequences for speciation processes.
Although some arthropods indeed specialize on plants (strict herbivores) or on predators (araneophagic spiders and obligate hyperparasitoids), many others deviate from this pattern and exhibit broadly diversified diets. Given constraints associated with obtaining N via strict feeding strategies, a trophic compromise may provide an alternative solution. Recognizing that for many organisms such a compromise may not be possible by virtue of phylogenetic constraints, we nonetheless argue that the widespread occurrence of omnivory stands as evidence that a large number of arthropod taxa have satisfied the ''trade-off'' between resource quality and quantity by adopting a feeding compromise whereby abundant but less nutritious resources are supplemented with N derived from higher trophic levels.
Here we highlight the mismatch in nutrient content between ''herbivores'' and ''predators'' as a potentially important factor underlying the evolution of omnivory. Additional investigations along this line are essential for clarifying how nutrient limitation contributes to intraguild predation and trophic complexity in terrestrial food webs, and building a linkage between nutrient dynamics, the preponderance of omnivory, and the stability and complexity of terrestrial arthropod foodwebs. To verify the specific contribution of stoichiometric imbalances to the feeding strategies of consumers, specific controlled experiments are needed to isolate the direct effects of prey nutrition on predator and omnivore performance, independent of prey abundance, behavior, the risk of death or damage, and other speciesspecific features. Continued research into the functional consequences of stoichiometric disparities across trophic levels will help link population and community ecology on the one hand, with ecosystem science on the other. ACKNOWLEDGMENTS This paper is a contribution from the Ecological Stoichiometry working group at the National Center for Ecological Analysis and Synthesis, a center funded by the National Science Foundation, the University of California, and the State of California. We thank the staff of NCEAS for their logistical support and the working group participants, especially J. Elser, C. Mitter, and E. Siemann, for their inspiration and opportunities to explore the benefits of mixed diets. A. Agrawal, S. Diehl, J. Elser, M. Eubanks, F. Slansky, D. Wise, and six anonymous referees provided comments on an earlier draft of this article, and we hope to have incorporated their many insightful suggestions. This research was supported as well by National Science Foundation Grants to R. F. Denno (DEB-9527846 and DEB-9903601) 
INTRODUCTION
In the last few decades, omnivory has assumed an important position in the study of population, community, and food web ecology (e.g., Lawton 1978, Polis and . Here we argue that studying the causes and consequences of omnivory could also benefit from the perspective of behavioral ecology. Namely, we need to understand how and why omnivores make particular foraging decisions. Central among these is the habit of eating different food types, i.e., food mixing. We define food mixing as the ingestion of multiple food types over an animal's lifetime or stage of a complex life cycle; we consider food types as different species that differ qualitatively to the consumer. Food mixing is a fundamental type of foraging strategy that includes omnivory, as well as polyphagy by individual herbivores and carnivores. Because our focus is on food mixing and our expertise is herbivores, we will draw examples from both omnivores and food mixing herbivores from terrestrial and marine ecosystems.
We think that understanding the behavioral causes of omnivory will inform its ecological consequences. It is too often assumed, for example, that nutritional constraints (including food availability) uniquely determine the function of food mixing behavior underlying omnivory. Here we consider some alternative, functional explanations for food mixing. One of our main points is that food mixing per se and selecting particular foods are actually different issues and may need separate consideration, conceptually and empir- ically. We then discuss why the function of food mixing and food selection might determine the ecological consequences of omnivory. Finally, we suggest that the spatial and temporal scale of food mixing might determine its ecological consequences.
WHY EAT A MIXED DIET?
Here we consider several hypotheses (summarized in Hailey et al. 1998) proposed to explain ''varied diets,'' ''diet mixing,'' or ''food mixing'' in our terminology. As applied to omnivores (e.g., mixing plant and animal foods), these hypotheses are: (1) a qualitatively superior food type exists but is limited in supply (e.g., prey), necessitating the inclusion of suboptimal (e.g., plant) food in the diet; (2) no single food type is qualitatively superior, so food mixing allows the intake of nutritionally complementary foods (e.g., animal and plant material), enhancing digestion or the postdigestive utilization of nutrients; (3) foods contain toxins (e.g., plants and noxious prey), so food mixing limits the ingestion of particular compounds from particular food types; (4) the relative quality of food types changes over time, so food mixing allows the animal to periodically sample different food types and switch to a currently superior food type; (5) food mixing may minimize exposure to other environmental risks (e.g., natural enemies, abiotic factors).
A potentially separate but related issue is the functional basis for selecting particular food types in the mixture. Indeed, there may be functional differences between the basis for mixing and the basis for selecting particular foods. While both contribute to an individual's pattern of foraging and diet, they are separate issues and addressing them may require separate experiments. For example, a food mixing animal that encounters hypothetical food types A, B, and C may select WHY OMNIVORY? Special Feature all three, or only two of them. Food selection patterns may differ for a given mixture of food types: this animal may eat a large amount of A relative to B and C, or feed in some other pattern. Although food mixing per se and specific food selection go hand in hand, they may have different functional explanations. To continue the above example, the function of mixing foods A, B, and C may be to obtain a balanced intake of nutrients, or to minimize the intake of particular toxins associated with each food. However, food A may be eaten in the largest amount because it is the most abundant food type or it provides a physical or chemical defense against natural enemies. It is also possible that a food of seemingly less importance, like food B or C, provides a critical micronutrient or chemical used in reproduction, making it essential for survival and reproduction. The numerous possible reasons for selecting particular foods have been reviewed elsewhere (e.g., Stephens and Krebs 1986) , and we will not attempt this here as it is not an issue unique to food mixers.
Despite the abundance of nonexclusive hypotheses for both mixing and selecting foods, studies of food mixing by omnivores have often focused on how nutritional constraints may drive food mixing (hypotheses 1, 2, and 4 above) and food selection, with scant empirical attention given to the rest. We do not think any of the above hypotheses (for food mixing or food selection) is generally tested at present because few studies have employed critical experiments to distinguish among them. Nevertheless, several current notions in community, food web, and ecosystem ecology assume that constraints imposed by nutrients primarily, if not exclusively, determine patterns of mixing and selecting food by omnivores and herbivores. This assumption, for example, apparently underlies the recent approach of reducing such trophic interactions to the ratios of essential atomic elements across trophic levels (''ecological stoichiometry'') to understand food web dynamics and nutrient cycling (e.g., . Extrapolating trophic interactions to food web dynamics strictly on the basis of nutritive elements ignores much empirically documented, meaningful complexity in terrestrial (e.g., Stamp and Casey 1993 , Abrahamson and Weis 1997 , Dicke 2000 and marine (reviewed in Paul et al. 2001 ) trophic interactions. For example, it is often assumed that animal food is more nutritious than plant food. Several recent studies show that this is not necessarily the case (e.g., Eubanks and Denno 1999, Cruz-Rivera and Hay 2000) . While it may be true that nutrient ratios of prey tissues are usually more similar to an animal consumer than those of plant tissues, a consumer's growth, survival, and reproductive responses depend on its particular feeding behavior (i.e., tissue selection) and physiology as well as other aspects of food quality (e.g., toxins).
There is no doubt that nutritive needs are important determinants of foraging choices by omnivores and other animals. However, the critical decisions to eat a particular food in the first place, and to continue eating it rather than the available alternatives are likely to depend proximately and ultimately on other aspects of food quality (e.g., secondary metabolites, physical barriers to feeding), ecological risks (e.g., natural enemies) and competing needs (e.g., thermoregulation) that may modify or take precedence over responses to food's nutritive value. Further, foraging decisions of this sort that accumulate into patterns of mixing and selecting foods (i.e., diet) may vary according to the consumer's experience and the prevailing environmental conditions (e.g., availability and quality of alternative foods). We expect the relative importance of these factors, and precisely how they interact, to vary depending on the natural history of the omnivore. However, we will emphasize the complex roles of noxious chemicals and natural enemies because their importance has been relatively neglected.
EVIDENCE FOR ALTERNATIVE DETERMINANTS OF FOOD MIXING AND FOOD SELECTION
We believe the importance of mixing and selecting foods to avoid overingestion of particular secondary metabolites (toxin dilution: Freeland and Janzen 1974) is vastly underappreciated. Freeland et al. (1985) showed that food mixing by mice can counteract negative effects of individually harmful secondary metabolites. This laboratory study demonstrated reduced growth rates for mice given foods with tannins or saponins, and for those given a food containing set concentrations of both toxins (no-choice trials). However, when mice were allowed to choose between foods containing either tannins or saponins, growth rates were no different from those of control mice given food without toxins. Similar studies with other species and their natural foods are needed. Agrawal et al. (1999) showed that the induction of elevated secondary metabolites in cotton plants promoted switching from herbivory to predation of mite eggs by the omnivorous thrips, Frankliniella occidentalis. Thrips performance was reduced on induced plants without mite eggs, suggesting that the deterrence or toxicity of secondary metabolites in cotton was driving switching behavior. Various studies have shown that secondary metabolites deter food-mixing insects. For example, secondary metabolites produced by plants (Dyer et al. 2001 ) and various compounds sequestered by caterpillars from their host plants (Dyer 1995, Dyer and Bowers 1996) deter omnivorous ants, suggesting that toxin avoidance influences food selection by this ecologically important group of omnivores (Tobin 1994) . To our knowledge, no studies have yet tested the influence of secondary metabolites on food mixing per se by omnivorous ants.
Many secondary metabolites evoke a ''bitter'' taste response in mammals, yet behavioral responses by food mixing mammals to ecologically relevant mixtures of food types containing them are rarely measured. In a test of 30 mammal species with differing foraging strategies (carnivores, omnivores, grazers, browsers), Glendinning (1994) found the bitter rejection response threshold to be related to the expected likelihood of encountering toxins in food: carnivores were most sensitive, followed by omnivores, grazers, then browsers. This pattern implies that deterrents and toxins may negatively influence food selection by omnivores to an even greater extent than by generalist herbivores, which are well known to reject food on the basis of secondary metabolites. For example, we have found food mixing by the forb-feeding woolly bear caterpillar Grammia geneura (Arctiidae) to be predominantly a negative, behavioral response to plant secondary metabolites consistent with toxin dilution (Singer et al. 2002 ). Yet food selection (i.e., preference) is likely based on both the nutritive and defensive value of particular host-plant species (Singer and Stireman 2003) . In this case, feeding on certain ''toxic'' plant species may increase a caterpillar's resistance to parasitoids at a nutritional cost; we suspect this tritrophic effect is mediated by secondary metabolites acquired from preferred host-plant species.
Accumulating evidence suggests that a wide range of food-mixing animals select food partly on the basis of parasite avoidance and resistance, and the use of secondary metabolites for the latter may be quite general. Parasite avoidance, for example, explains patterns of food selection by vertebrate grazers (Hutchings et al. 1999 (Hutchings et al. , 2002 and omnivorous tadpoles (Pfennig 2000) . In both of these cases, there is evidence for a trade-off between a food's nutritive value and its likelihood of transmitting parasites. Various studies (e.g., Hart 1997) suggest that food-mixers select foods with secondary metabolites for parasite resistance. In one interesting laboratory study, mice routinely ingested small amounts of chloroquine, thereby increasing their resistance to malaria (Vitazkova et al. 2001) . Field studies addressing this issue with omnivorous rodents are needed.
Some food-mixing animals change their food preference in response to parasite attack. The food mixing woolly bear caterpillar, Platyprepia virginalis (Arctiidae) changes its host-plant preference in response to parasitoid infection, thereby increasing its survival (Karban and English-Loeb 1997) . In this particular case, both the parasitoid and the host frequently survive. Sick primates commonly exhibit pharmacophagy (specifically termed zoopharmacognosy) in nature by selectively ingesting parts of particular plant species that reduce parasite infections (Huffman 2001) . This type of behavior has only been revealed through careful observation, and may be far more widespread than is currently known or suspected (Clayton and Wolfe 1993) .
Many studies argue that predation risk places important evolutionary and ecological constraints on foraging (e.g., Lima and Dill 1990 , Houtman and Dill 1998 , Lima and Bednekoff 1999 , Sih and McCarthy 2002 . Food-mixing animals have figured prominently in such work. For example, the omnivorous ant Lasius pallitarsis selected food patches in a laboratory environment by balancing food quality with predation risk from another ant species (Nonacs and Dill 1990) . Field studies show that the omnivorous fire ant Solenopsis richteri reduced foraging activity in the presence of phorid parasitoids (effectively predators to the ants) in the same manner regardless of food quantity (Folgarait and Gilbert 1999) . These studies suggest that ant colonies in nature would vary the range and quantity of particular foods taken in response to different levels of predation risk in a way that may or may not depend on a food's nutritional reward. In another example, different types of predation risk from species of hunting spiders within a guild cause different feeding responses by polyphagous grasshoppers, in turn causing different patterns of herbivory in old fields .
Temporal variation in the threat of predation may influence foraging (Lima and Bednekoff 1999, Sih and McCarthy 2002) , and limit feeding to particular times and places, thus changing the range of available food species. Highly polyphagous rodents may feed exclusively in habitat patches with vegetative cover (e.g., Abramsky et al. 1996) and lower food abundance (Abramsky et al. 2002) and ants may forage only at certain times of day (Orr and Seike 1998) in response to risks imposed by key predators and parasitoids, respectively.
ECOLOGICAL CONSEQUENCES OF FOOD MIXING
How much does variation in the bases of food mixing and of food selection matter at larger ecological scales? There are limited data to address this question at present. Yet, it is clear that food mixing by one omnivore cannot be assumed to be ecologically equivalent to food mixing by another. The range and relative quantities of food types consumed by omnivores in nature varies among related species (birds, O'Donnell and Dilks 1994; rodents, Ellis et al. 1998) , populations or environments (Wilson and Bradtke 1999) , and conspecific individuals within a population (e.g., sexual differences, Hailey et al. 2001; immigrants vs. residents, Tardiff and Gray 1978) . Furthermore, we think the precise factors that govern variation in food mixing and food selection may determine their ecological consequences. To illustrate this, we point to the example of zoopharmacognosy in primates (Huffman 2001) . Although the amount of medicinal foods ingested may be small relative to other food types, their consumption may have a relatively great impact on both resource and consumer populations. In the case of resources, for example, the removal of some critical medicinal tissue (e.g., extracting pith from young shoots) may greatly increase the likelihood of killing individual plants in a population. For consumers, a relatively small dose of a medicinal WHY OMNIVORY?
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The flexibility of food selection exhibited by individual omnivores has pivotal but complex consequences for population, community, and food web dynamics. Several authors have recently made this general point (Agrawal et al. 1999 , Agrawal and Klein 2000 . Here we elaborate a bit further. While it is currently argued that omnivory stabilizes population dynamics of both consumers and their resources (e.g., prey and plants), this putative stabilizing effect depends on food-mixing behavior. The stabilization of omnivore populations follows from the ability to switch from one food type to another (i.e., food mixing) when the first food is depleted or absent (e.g., ). Populations of prey or plants may be stabilized by the refuge created when their omnivorous consumers switch to alternative food rather than continuing to reduce populations at low levels (e.g., Cottrell and Yeargan 1998, Lalonde et al. 1999) or when the trophic interaction between omnivores and their food is dampened by intraguild predation . However, the existence of this refuge over the long term is not clear. High quality alternative food may maintain large omnivore populations that continue to suppress populations of prey and perhaps those of competing carnivores (M. E. Hay, personal communication).
How do these population level effects extrapolate into food web dynamics and community structure? There is presently no clear answer. The stabilizing effect of food mixing by omnivores is associated with weak trophic links in the web. Recent theory (e.g., Strong 1996, McCann et al. 1998 ) and empirical evidence from simple food webs (Fagan 1997, Holyoak and support the idea that omnivory stabilizes food webs via weak trophic interactions. In ''weak'' interactions, however, indirect effects of alternative foods can magnify the variance in interaction strength between consumers and prey, with seemingly important, unstudied consequences for community structure (Berlow 1999). Furthermore, evidence from complex ecosystems shows that it is the pattern of weak trophic interactions that accounts for food web stability rather than interaction strength per se (de Ruiter et al. 1995) .
SPATIAL AND TEMPORAL SCALE OF FOOD MIXING
We think the ecological impact of food mixing results from its spatial and temporal scale, in addition to the functional bases of food mixing and food selection. Murdoch (1969) made a similar point, but few studies have followed this line of work. Large-scale food mixing may typically involve dietary specificity at particular times and places with consequences similar to the impact of feeding by dietary specialists. At large spatial scales, for example, omnivorous birds may forage by migrating between patches with different food types. Some species may feed primarily on plant or fungal material or arthropod prey in each one (O'Donnell and Dilks 1994) . At large temporal scales, a related strategy is switching between food types over the season. O'Donnell and Dilks (1994) show that omnivorous birds in a temperate New Zealand forest switched between specific foods during the year. Seasonal food switching by omnivores typically involves relatively increased carnivory during the breeding season and relatively increased herbivory (including granivory) during the rest of the year . A third related food-mixing strategy at relatively large temporal scales involves ontogenetic shifts in food selection. Such omnivores may typically feed primarily on prey during periods of rapid growth (e.g., early development; Bjorndal 1999, Choat and Clements 1998) and during reproductive periods, while feeding primarily on plant material during other parts of the life cycle.
Small-scale food mixing may result in weak and dispersed trophic interactions in food webs, however its impact is relatively unstudied. This type of food mixing occurs within small-scale patches of variable food types and a temporal scale of days, hours, or minutes. Highly omnivorous rodents (Ellis et al. 1998 ) and arthropods (e.g., ants; Stradling 1987) exemplify such extreme food mixers, and undoubtedly have important roles in food webs. In most cases studied to date, the community and food web consequences of mixing and food selection have yet to be tested. A few recent studies have been done with food mixing grasshoppers (e.g., Beckerman et al. 1997 , Schmitz et al. 1997 , showing that predator-induced changes in small-scale food mixing by grasshoppers can have a large impact on the plant community.
CONCLUSION
The causes and consequences of omnivory depend on foraging behavior. We have focused on some functional reasons for mixing foods and selecting particular foods that have received less attention than constraints imposed by nutrients. Nutritive factors alone cannot be assumed to explain the ecologically important variation in food mixing and food selection in terrestrial and marine ecosystems. We think an understanding of omnivory will be advanced by the use of critical experiments that consider multiple, ecologically relevant, functional hypotheses for mixing and selecting food. Some key questions include: What factors influence decisions to leave one food and accept others? What choices are made when food-mixing species face multiple food types with different benefits and costs? Direct observations in nature will be valuable in designing appropriate experiments because the central issue is how factors such as nutrient balancing, toxin dilu- 
INTRODUCTION
In a paper that has proven to be controversial and yet highly influential, Hairston et al. (1960;  see also Slobodkin et al. 1967 proposed that terrestrial ecosystems are composed of three functionally discrete trophic levels: plants, herbivores, and predators. Under this model, predators suppress populations of herbivores to low levels, freeing plants from the strong effects of herbivory, and producing a world that is predominantly ''green.'' This model of terrestrial ecosystem function has been criticized on several grounds, with especial attention given to the complementary influences of variable plant quality and plant defenses on herbivore population dynamics (Murdoch 1966 , Polis 1999 as workers have reported the prevalence and importance of predators that consume not only herbivores, but also other predators (reviewed by , Rosenheim et al. 1995 ; this phenomenon has been variously labeled ''trophic level omnivory,'' ''intraguild predation,'' ''higher-order predation,'' or ''hyperpredation''). These observations have supported new proposals for the general structure and function of terrestrial ecosystems that incorporate the possibility that predators may function primarily from the third trophic level, suppressing herbivore populations, or primarily from the fourth trophic level, suppressing populations of intermediate predators and thereby potentially releasing herbivore populations from ''top down'' control (Hurd and Eisenberg 1990 , Janssen et al. 1998 , Halaj and Wise 2001 .
The new models create a problem for ecologists: the indeterminacy of predator function. To address this problem of uncertain predator function, we need to ask: what is it that makes a predator function as a consumer of herbivores vs. a consumer of other predators? This question may not have a simple answer. Predation rates are shaped by many factors, including encounter prob-WHY OMNIVORY? abilities, attack probabilities, capture success, and consumption probabilities, and each of these factors may in turn be influenced by traits of the predator, the prey, and their shared environment (Sih 1993) . Researchers exploring predator-predator interactions have indeed demonstrated important roles for habitat structure and physical refuges (MacRae and Croft 1996, Agrawal and Karban 1997 , Roda et al. 2000 , Norton et al. 2001 , Finke and Denno 2002 , active prey defenses (Lucas et al. 1998, Snyder and Ives 2001) , and predator preferences (Colfer and . Many omnivorous predators are, however, also extreme generalists, consuming any prey that they can capture. For such predators, encounter frequencies with different prey species often become the overriding influence on diet. For this reason, we focus here on determinants of encounter frequency between predators and prey.
Special Feature
Encounter probabilities between predators and prey are heavily influenced by their foraging behaviors. Pianka (1966) introduced one of the most basic descriptors of predator foraging mode when he described the difference between widely foraging predators and sit-and-wait predators. Although these two strategies are probably best viewed as the ends of a continuum of foraging strategies (Perry 1999) , both verbal models (Turnbull 1973, Huey and Pianka 1981) and mathematical treatments (Gerritsen and Strickler 1977) predict that predator foraging mode shapes the types of prey that are encountered and potentially consumed. Sedentary prey are consumed by widely foraging ''intermediate'' predators, which may in turn be captured by sit-and-wait ''top'' predators; thus ''crossovers'' in foraging mode occur as one ascends the food chain. Mobile prey, in contrast, may be consumed by either widely foraging or sit-and-wait predators. These ideas have found widespread acceptance among ecologists studying diverse taxa (reviewed by Perry and Pianka 1997) , including predatory arthropods (e.g., Turnbull 1973 , Polis and McCormick 1987 , Johansson 1993 .
In this study, we apply the theory of crossovers in foraging mode to understand the ecological roles of omnivorous predators, including their influence on the population dynamics of terrestrial herbivorous arthropods. Using a simulation model, we extend the theory to include the influence of the relative body sizes of predators and prey. Our simulations produce simple, testable predictions for omnivore function that link foraging behavior with population dynamics and community structure.
METHODS

The simulation model
We employed a stochastic individual-based model to explore the link between the foraging behavior of omnivorous predators and their trophic function. An individual-based model is distinguished from a population-state model by explicitly and separately repre-senting each individual in the population (DeAngelis and Gross 1992, Judson 1994) . The dynamics of the simulated populations and community can then be derived as emergent properties from rules given to individuals governing their movement, feeding, reproduction, and mortality. The individual-based modeling approach is intended to reflect more faithfully the physical reality of the system, and the behavioral rules given to individuals are attempts to simulate actual behavioral traits and variability in those traits.
The model that we developed was designed to represent herbivorous and predatory arthropods foraging on a plant surface. We attempted to ground our model in the real world by choosing parameter values that reflected, at least loosely, the community of predators associated with the herbivorous mite Tetranychus cinnabarinus feeding on the foliage of papaya, Carica papayae (J. A. Rosenheim, D. D. Limburg, R. G. Colfer, V. Fournier, T. Glik, R. Goeriz, C. L. Hsu, T. E. Leonardo, E. H. Nelson, and B. Rämert, unpublished manuscript) . The arthropod community on papaya was useful as a case study because it presented natural contrasts in foraging style (widely foraging vs. sit-andwait predators) and strong variation in the relative body sizes of predator and prey. The model is general enough, however, that it should allow us to explore predator-prey systems more broadly.
The model community.-We simulated a community ( Fig. 1) comprising an herbivore; an intermediate predator, which feeds only on the herbivore; and an omnivorous predator, which can feed on either the herbivore or the intermediate predator. For the papaya case study, the herbivore was Tetranychus, a sedentary herbivore that creates small, silk-lined colonies on papaya leaves; two species were present as intermediate predators, both of which are widely foraging specialist consumers of spider mites, Stethorus siphonulus (Coleoptera: Coccinellidae) and Phytoseiulus macropilis (Acari: Phytoseiidae); and the omnivorous predator was the tangle-web spider Nesticodes rufipes (Araneae: Theridiidae), which detects prey with its web and thus functions as a strict sit-and-wait predator.
The model universe.-The model universe is a simple disk: a two-dimensional, circular surface with a diameter of 30 cm, approximately the size of a papaya leaf. Herbivores experience the disk as a leaf surface, in that they can always obtain food resources at their current location. Predators experience the disk as a neutral, flat surface on which they forage for animal prey. If the edge of the disk is encountered, then the individual simply turns around.
Mortality, reproduction, and resources.-To make the interpretation of our model as simple as possible, we made several simplifying assumptions. First, for the first three sets of simulations, we assumed that the omnivorous predator did not move or reproduce; this choice was appropriate for the papaya case study, because the spider Nesticodes is a strict sit-and-wait predator and has a life cycle much longer than the 280 h duration of the simulation (which we chose to match the duration of our manipulative experiments; see J. A. Rosenheim, D. D. Limburg, R. G. Colfer, V. Fournier, T. Glik, R. Goeriz, C. L. Hsu, T. E. Leonardo, E. H. Nelson, and B. Rämert, unpublished manuscript) . This assumption was relaxed for the last set of simulations, in which we allowed the omnivorous top predator to forage widely and reproduce. Second, for all members of the community, we excluded sources of mortality other than predation. Third, we treated the model universe as a closed community, with no immigration or emigration. Finally, we did not represent age structure in the model; all individuals are considered to be adults from their moment of birth.
All individuals possess a resource pool that is augmented by feeding. When the pool exceeds a given threshold, a birth occurs and the pool is decreased by an amount that represents the cost of reproduction. An individual starts life with the same (x,y) coordinates as its parent at the moment of birth. For herbivores, resources are present in the substrate; whenever they are stationary they can feed. The mean feeding rate is constant unless the size of the population exceeds the carrying capacity for the universe (N ϭ 1000 individuals), at which time the feeding rate becomes zero. The actual feeding rate realized by an individual was randomly sampled from a normal distribution having a standard deviation of 10% about the mean. This density-dependent herbivore feeding rate explicitly links our model with the primary producer trophic level; however, we did not attempt to extend our model to make predictions for plant performance or population dynamics. To ensure that our use of a simple step function for herbivore density dependence did not skew our results, we also evaluated a more complicated form of herbivore density dependence, in which the feeding rate declines by a factor of (1 Ϫ [population size/carrying capacity] 2 ). Simulations using this more complicated function produced results very similar to those generated with the simpler step function; results using the step function are reported here.
Predators acquire resources only when they encounter and consume other individuals. When a prey is consumed, the resource pool of the predator is augmented by a constant representing the food value of the prey.
Movement.-With one exception noted below (''Intensive search''), individuals move by executing a random walk punctuated by pauses. The trajectory of an individual during its lifetime consists of a series of ''movement sequences,'' each consisting of a straightline displacement followed by a pause; the angle of movement, the distance of the displacement, and the duration of the pause are randomly chosen at the beginning of each movement sequence. The angle of movement is randomly chosen from a uniform distribution (0-360Њ). The distance of the move and the duration of the pause are randomly chosen from a normal distribution of constant mean and standard deviation for the type of individual, e.g., herbivore, intermediate predator, or omnivorous predator (Table 1) . The number of time intervals required to traverse the distance chosen is dependent on the individual's speed, which is determined by its type.
Predator foraging rules and encounters.-All predators possess an ''area of discovery'' defined as a circle of fixed radius centered on their current location. An intermediate-level predator will detect as potential prey only herbivores that are in its area of discovery; it will consume the closest herbivore within the area. An omnivorous predator detects both intermediate-level predators and herbivores within its area of discovery and will consume the closest individual, regardless of whether it is an herbivore or an intermediate predator.
We implemented three foraging modes for mobile predators:
1) Extensive search. The predator is walking at a relatively high speed. The direction of movement for WHY OMNIVORY?
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2) Handling. The predator is handling (e.g., ingesting or digesting) a prey item. The predator remains stationary and does not consume other prey within its area of discovery. A predator shifts from handling into intensive search mode upon completion of a fixed handling time.
3) Intensive search. The predator is walking at a relatively low speed and engages in a correlated random walk (Kareiva and Shigesada 1983) , where the angle of movement is chosen from a normal distribution with mean equal to the current angle of movement and standard deviation of 28.6Њ (0.5 radians). This foraging mode is designed to represent the local search that widely foraging predators often express once within a patch of prey (Bell 1991) . A predator shifts from intensive search mode into extensive search mode once 0.1 h of search time has passed without encountering a prey.
Intermediate predator body size.-To represent predators of varying body sizes attacking a common prey, we varied the prey handing time and the cost of reproduction. Handling time reflects body size because larger predators can consume and digest more individuals of a given prey per unit time than can smaller predators, largely because their larger gut contents mean that many prey can be digested simultaneously. The cost of reproduction reflects body size, because larger predators must consume more prey to produce a copy of themselves than do smaller predators. Handling time and the cost of reproduction were varied in concert so that the reproductive rate of a food-satiated intermediate predator was held constant. Although body size may also be associated with other trait differences (e.g., walking speed, or the area of discovery radius), we held all other parameters constant for predators of different sizes to isolate what we consider to be the most essential features of larger predators, namely that they must eat more prey to reproduce, and they process individual prey more quickly.
Implementing the model.-A simulation update occurs in two phases. First, each individual engages in all activities other than predation; these include, in order, reproduction, feeding by herbivores, and movement. Populations are updated as a group; the omniv-orous predator population, the intermediate-level predator population, then the herbivore population. Next, all predatory interactions are resolved, with omnivorous predators feeding before intermediate predators.
Since there is only one direction of predation in any one interaction, no unintended advantage is afforded the omnivorous predator by virtue of its ''going first.'' Time intervals between updates are short relative to the walking speed and area-of-discovery of predators; thus, predators are, in effect, continuously checking their area of discovery for potential prey as they forage.
The simulation is initialized at time 0 with 10 herbivores. After allowing the herbivores 25 h to feed and initiate small ''colonies'' on the leaf surface, predators (N ϭ 4, with a single exception noted in the Results section) are added to the system. These predators are initialized by assigning (x,y) coordinates randomly throughout the universe. Predators are initialized with a single unit of resources in their resource pool. Individuals immediately initiate a movement sequence; thus angle of movement, movement distance, and pause duration are randomized at initialization.
The model was compiled with Microsoft Visual Cϩϩ (Microsoft, Redmond, Washington, USA). Pseudo-random numbers were generated using the ''RAN0'' routine and normal deviates were generated using the ''GASDEV'' routine in Press et al. (1988) . A copy of the programming code is available upon request from JAR.
Simulations.-We report here four sets of simulations, which examined (1) the influence of intermediate predator mobility in the presence of a sedentary herbivore population and a sit-and-wait omnivore, (2) the influence of herbivore mobility in the presence of a mobile intermediate predator and a sit-and-wait omnivore, (3) the influence of the body size of a widely foraging intermediate predator in the presence of a sedentary herbivore and a sit-and-wait omnivore, and (4) the influence of the body size of a widely foraging intermediate predator in the presence of a widely foraging omnivore and either a sedentary or a mobile herbivore. For each set of simulations, we applied four ''treatments'': (1) herbivores alone, (2) herbivores plus the intermediate predator, (3) herbivores plus the omnivorous predator, and (4) herbivores plus both the intermediate and omnivorous predators. All simulations were run for 280 h, with 75 iterations per hour, and were replicated 10 times for each parameter set (see Table 1 ). We report the mean herbivore density over the 280-h simulation as our primary index of herbivore population dynamics. Thus, our focus is on short-term population suppression, rather than equilibrium densities or the stability properties of the community. Although it is useful to understand equilibrium dynamics (e.g., , transient dynamics are also important (Hastings 2001) , and are particularly relevant to predator-predator interactions in arthropod com- Mean herbivore densities in the absence of predators (''No predators'') and in the presence of only the omnivorous predator (''Omnivorous predator only'') are shown as points of reference. The baseline parameters (Table 1) were used except for the pause duration of the intermediate predator, which was varied from 0 (widely foraging) to 2 h (highly sedentary ambush predator). Values are mean Ϯ 1 SE density of herbivores across 10 replicate simulation runs from time 0 to time 280 h; in some cases, error bars (Ϯ1 SE) are too small to be shown. munities, which are often highly seasonal or disturbed (e.g., Snyder and Ives 2003) .
RESULTS AND DISCUSSION
To apply the notion of crossovers in foraging mode to herbivorous terrestrial arthropods and their associated community of predators, we begin by considering the foraging behavior of the focal herbivore. Many herbivorous arthropods live right on their key food resource: their host plant. Indeed, herbivores often complete their entire immature development on one host plant individual, adopting a parasite-like life style (Price 1980) . Our first key observation is that because an individual host plant often represents a large pool of resources relative to the nutritional demands of a developing arthropod, many herbivores can be relatively sedentary. Hawkins (1994) identified seven feeding styles by herbivores, of which five involve high degrees of concealment within the host plant or soil, with minimal opportunities for movement (rollers/webbers, leaf miners, gallers, borers, root feeders), leaving only two groups with any significant opportunity for movement (external feeders and case bearers). Many of the external feeders, like the spider mites in our case study, may still be highly sedentary.
Our first set of simulations therefore focused on a sedentary herbivore population, and explored the consequences of predator foraging mode for the ability of predators to suppress herbivore densities. We used the base set of parameters shown in Table 1 , and varied predator foraging mode by adjusting the duration of pauses between movement bouts (widely foraging predators have no pauses; sit-and-wait predators have lengthy pauses). Our simulations supported the most basic predictions of Gerritsen and Strickler's (1977) mathematical model of encounter frequencies and Huey and Pianka's (1981) verbal model of predator-prey interactions: a widely foraging intermediate predator can suppress a sedentary prey population effectively, whereas a sit-and-wait ambush predator cannot (Fig.  2) . This is a highly intuitive result; a sit-and-wait predator and a sedentary herbivore are essentially two immobile objects in space. They do not have a high probability of encountering each other, and therefore the predation rate is negligible. Indeed, searching ability has been a universally appreciated trait for predators employed in biological control programs targeting herbivorous arthropods (Van Driesche and Bellows 1996) .
What influence does an omnivorous predator employing a sit-and-wait foraging mode have on the dynamics of this system? When we simulate a community with the omnivore present as the only predator of the sedentary herbivore, we obtain minimal population suppression (Fig. 2) . This simply reiterates the result that a sit-and-wait predator is unlikely to function as an effective regulator of a sedentary prey population. Furthermore, if we simulate a three-species community, comprising the herbivore, the intermediate pred-ator, and the omnivorous predator, we see that the omnivore disrupts the strong suppression of the herbivore population that is generated by the widely foraging intermediate predator (Fig. 2) . In this case, the omnivore is acting from the fourth trophic level, releasing the herbivore population from strong top-down control.
Although it may be useful to view herbivorous arthropods as a generally sedentary class of animals, it is certainly true that some herbivores are quite mobile. For instance, some caterpillars and grasshoppers feed as grazers, taking small meals from different plant individuals and even mixing diets of many plant species (Howard et al. 1994 , Singer and Stireman 2001 . Furthermore, even herbivores that are highly sedentary during their immature stages may have a much more mobile, winged adult stage, when females must seek out suitable oviposition sites. We therefore performed simulations to explore the influence of herbivore mobility on the dynamics of our predator-prey system. We modified the base parameter set by assigning the herbivore a 0.5-h feeding period between 1-h movement bouts, and varied the distance moved over the course of the hour from 0.5 cm (sedentary) to 20 cm (highly mobile). A widely foraging intermediate predator produced strong suppression of WHY OMNIVORY?
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FIG. 3. Influence of herbivore mobility on herbivore population suppression by predators. Curves are shown for the individual and combined abilities of a widely foraging intermediate predator and a sit-and-wait omnivorous top predator to suppress the herbivore's population density. The baseline parameters (Table 1) were used for the predators; herbivore parameters were baseline, with the following modifications: walking speed, 0.5-20 cm/h; move length, 0.5-20 cm (1 SD, 0.125-5 cm); pause duration, 0.5 h (1 SD ϭ 0.125 h). Values are mean Ϯ 1 SE density of herbivores across 10 replicate simulation runs from time 0 to time 280 h; in some cases, error bars (Ϯ1 SE) are too small to be shown. the herbivore population for all values of herbivore mobility (Fig. 3) . The sit-and-wait omnivore, on the other hand, was only effective as a regulator of highly mobile herbivores, a result again consistent with the model of crossovers in foraging mode between predator and prey. Although the combined effects of the intermediate predator and the omnivore produced strong suppression of highly mobile herbivores, relatively sedentary herbivore populations were poorly regulated, reaching densities close to those seen in the absence of any predators (Fig. 3) .
Is there, then, no way in which a sedentary herbivore population can be regulated by intermediate predators in the face of a potentially disruptive sit-and-wait omnivore? The papaya case study suggests a possible answer to this question. For widely foraging intermediate predators, and indeed for virtually all foraging animals, a key determinant of exposure to predation risk is the amount of movement (Werner and Anholt 1993 , Anholt and Werner 1995 , Lima 1998 . Movement produces opportunities for encounters with sedentary predators, and also enhances the likelihood of detection by consumers that use visual, vibratory, or auditory cues produced by movement to detect prey (Foelix 1982 , Skelly 1994 , Meyhö fer and Casas 1999 . A primary determinant of the movement requirements of widely foraging predators is their body size relative to the body size of their prey. Predators like the beetle Stethorus, which are large relative to the size of their prey (spider mites), must consume many prey to develop and reproduce successfully, and thus must move large distances through their foraging environment to harvest many prey. In contrast, a predator like the mite Phytoseiulus, which is similar in size to its prey, may be satiated for lengthy periods after consuming just one or a few prey individuals. We may expect, then, that movement requirements will be more modest. This does not mean that a small predator like Phytoseiulus cannot be highly mobile; instead, our suggestion is that small predators may not need to use their mobility very often, because their prey needs are smaller.
We used our simulation model to explore the role of body size of the intermediate predator. We represented larger predators by giving them shorter handling times (e.g., Stethorus has a handling time of ϳ0.13 h), whereas smaller predators were given longer handling times (e.g., Phytoseiulus has a handling time of ϳ4 h; J. A. Rosenheim, D. D. Limburg, R. G. Colfer, V. Fournier, T. Glik, R. Goeriz, C. L. Hsu, T. E. Leonardo, E. H. Nelson, and B. Rämert, unpublished manuscript). We varied the cost of reproduction in concert with the prey handling time to hold the reproductive rate of a foodsatiated intermediate predator constant (all food-satiated intermediate predators could produce one offspring after 10 h). We emphasize that we did not vary any of the parameters that directly control movement (e.g., walking speed, move lengths, pause durations, etc.); rather, we used the simulation model to explore the possibility that mobility would vary as an emergent property of predator body size through prey handling times.
The simulations showed that predator body size has a major influence on community dynamics. Larger predators, which have shorter prey handling times, did indeed move more than smaller predators (Fig. 4A ). This movement translated into an enhanced risk of predation by the sit-and-wait omnivorous predator: the intermediate predators were very strongly over-represented in the diet of the omnivore relative to herbivore prey (Fig. 4B ). In the absence of the omnivore, the widely foraging intermediate predator was highly effective as a suppressor of the herbivore population across the full range of handling times (Fig. 4C) . Thus, large and small widely foraging predators have similar basic potentials to suppress sedentary herbivore populations. However, herbivore suppression by the larger, more mobile intermediate predators was strongly disrupted by the omnivorous predator, whereas the smaller, less mobile intermediate predator continued to produce substantial levels of herbivore suppression even when the omnivore was present. Thus, the predictions of the crossovers model can be significantly altered by body size effects.
Small-bodied intermediate predators may generate control of herbivore populations that is robust to the Predators with body sizes much larger than their prey (e.g., Stethorus) have short prey handling times, whereas predators whose body sizes are similar to that of their prey (e.g., Phytoseiulus) have long prey handling times. The baseline parameters (Table 1) presence of omnivorous predators by building up large populations, with each member of the population eating only a relatively small number of prey. For example, small predators with a 4-h handling time ate only 4.04 Ϯ 0.03 (mean Ϯ 1 SE) prey per capita on average, but developed large populations (mean population size of 614 Ϯ 11 individuals over the course of the 280-h simulation). An intermediate predator that is largerbodied may be able to consume many more prey per capita, but the movement that is required to find so many prey may expose them to such intense predation risks at the hands of omnivorous predators that they rarely survive to reproduce. For example, when we simulated a large predator with a prey handling time of 0.05 h, each predator consumed an average of 194 Ϯ 10 prey, but predator populations declined from the starting population of four individuals and averaged only 1.4 Ϯ 0.16 individuals over the course of the simulation. Despite the large per capita prey consumption, the population of these larger-bodied predators was unable to suppress Tetranychus populations in the presence of an omnivorous predator.
Finally, what level of herbivore population suppression do we expect if both the intermediate predator and the omnivorous top predator are widely foraging? The papaya system motivates a consideration of this question because one of the ''specialist'' spider mite predators, Stethorus, also eats the eggs and motile stages of the other specialist spider mite predator, Phytoseiulus. The simulation model suggests that a widely foraging omnivore functions very differently from the sitand-wait omnivore explored in the earlier simulations: the omnivore no longer disrupts the herbivore population suppression generated by the intermediate predator, but instead produces a similar or a somewhat greater level of suppression when present in combination with the intermediate predator (Fig. 5 ). This result holds for both sedentary (Fig. 5A ) and mobile herbivores (Fig. 5B) , and is observed across a wide range of intermediate predator body sizes. Thus, at least under the simple scenario explored here, in which the intermediate predator and the omnivore have similar abilities to suppress the herbivore population when present singly and the omnivore expresses no preference for either prey type (herbivore vs. intermediate predator), we do not expect herbivore populations to escape from top-down control when a widely foraging omnivore is added to the system.
GENERAL DISCUSSION
Our study is an attempt to grapple with the indeterminacy of omnivorous predator function. Our model WHY OMNIVORY? Intermediate predators with body sizes much larger than their prey have short prey handling times, whereas predators whose body sizes are similar to that of their prey have long prey handling times. The baseline parameters (Table 1) were used with the following modifications: for both (A) and (B), the intermediate predator's handling time was varied from 0.05 to 4 h, and the cost of reproduction simultaneously varied from 25 to 2000 to maintain a constant maximum possible rate of reproduction; the widely foraging omnivore was given the same parameters as the baseline widely foraging intermediate predator (Table 1) , but it could prey upon either the herbivore or the intermediate predator. For (B) the herbivore had a walking speed of 10 cm/h, a mean move length of 5 cm (1 SD ϭ 1.25 cm), a pause duration of 1 h (1 SD ϭ 0.25 h), and simulations were initiated with only a single intermediate predator and a single omnivorous predator. Mean herbivore densities in the absence of predators (''No predators'') and in the presence of only the omnivorous predator (''Omnivorous predator only'') are shown as points of reference. Values are means Ϯ 1 SE density of herbivores across 10 replicate simulation runs from time 0 to time 280 h; in some cases, error bars (Ϯ1 SE) are too small to be shown.
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suggests that in terrestrial ecosystems dominated by sedentary herbivores, predator foraging mode can provide useful insights into predator function. Widely foraging predators are predicted to have the potential to act as effective regulators of herbivore populations, even when they also act as omnivores, consuming other predators. Sit-and-wait predators, in contrast, are unlikely to act in this way. Instead, sit-and-wait predators are predicted to consume a diet that includes not only herbivores but also a heavy over-representation of widely foraging intermediate predators. Sit-and-wait predators are therefore predicted to function as omnivorous top predators, acting from the fourth trophic level. All of these results are straightforward applications of the long-established model of crossovers in foraging mode to arthropod predator-prey dynamics; it is perhaps surprising that similar predictions have not, to our knowledge, been discussed previously in the literature.
Our results also suggest that the relative body sizes of predator and prey can modify the predictions of the crossover model. Smaller predators, even if they are widely foraging, have reduced prey consumption capacities, and therefore have less need to travel to harvest prey. Thus, they may incur a smaller risk of encountering a sit-and-wait predator or being detected by a motion-sensitive predator. As a result, our model predicts that the omnivore's impact will be ameliorated, and the system as a whole will be more likely to exhibit three-trophic-level dynamics.
Finally, our model suggests that a consideration of encounter frequencies alone will probably be inadequate for predicting predator function in communities dominated by mobile herbivores (e.g., Moran and Hurd 1998, Schmitz and . For these communities we will need to understand more about predator preferences and prey defenses to address the question of predator function.
Experimental evidence
The crossovers in foraging mode across four trophic levels predicted by our model have been observed in several terrestrial arthropod communities (Jaffee et al. 1996 , Gastreich 1999 , Snyder and Wise 2001 , Finke and Denno 2002 . Indeed, part of our motivation for building a model linking predator foraging behavior with predator-prey dynamics was to create a tool to help us understand the results of our earlier work on the aphid, Aphis gossypii , Cisneros and Rosenheim 1997 . Field experimentation showed that this highly sedentary aphid could be suppressed to very low densities by a guild of widely foraging predatory lacewings (family Chrysopidae), but that this control was not observed in nature because lacewings were suppressed by another guild of omnivorous top predators (Order Hemiptera), several of which use visual cues associated with movement to identify prey.
The empirical literature also supports the prediction that widely foraging omnivorous predators are unlikely to disrupt herbivore population suppression generated by a widely foraging intermediate predator, and may instead enhance herbivore suppression. Excluding those widely foraging omnivores that use cues associated with prey movement to detect prey (e.g., praying JAY A. ROSENHEIM AND ANDREW CORBETT Ecology, Vol. 84, No. 10 mantids and spiders), experimental studies have demonstrated that herbivore population suppression is most often unchanged or enhanced when a widely foraging omnivore is added to an existing predator-prey system (Croft and MacRae 1992 , Obrycki et al. 1998 , Lucas and Alomar 2002 Colfer et al., in press) .
We tested our model's predictions with field experimentation in the papaya arthropod community (J. A. Rosenheim, D. D. Limburg, R. G. Colfer, V. Fournier, T. Glik, R. Goeriz, C. L. Hsu, T. E. Leonardo, E. H. Nelson, and B. Rämert, unpublished manuscript) . Each of the main predictions from the model was supported. First, the widely foraging predators Stethorus and Phytoseiulus were both capable of generating strong suppression of Tetranychus populations. Second, the sitand-wait predator Nesticodes never produced detectable levels of spider mite suppression. Nesticodes did, however, consume both of the widely foraging predators. Third, spider mite suppression exerted by the larger-bodied predator, Stethorus, was found to be vulnerable to the disruptive effects of Nesticodes, producing four-trophic-level dynamics, whereas spider mite suppression exerted by the smaller-bodied predator, Phytoseiulus, was relatively insensitive to Nesticodes, yielding robust three-trophic-level dynamics. Finally, spider mite suppression produced by Phytoseiulus was not disrupted, but rather was slightly enhanced by adding a widely foraging omnivore, Stethorus, to the system. Thus, there is some initial support for our model. We wish to emphasize, however, that a model that examines only encounter frequencies and ignores active predator preferences and prey defenses will almost certainly fail to explain the dynamics of many systems. For example, the prediction that predators that are similar in size to their prey will be relatively insensitive to the impacts of omnivorous top predators was decisively rejected in another system that otherwise has many parallels with the papaya community (Colfer et al., in press) . We hope, however, that our model will be a starting point for additional work on resolving the ecological roles of omnivorous predators. Tinbergen (1963) suggested that a richer understanding of a behavioral trait can be obtained by considering both the ''proximate'' or mechanistic basis for the behavior and the ''ultimate'' or functional consequences of its expression. In this study, we have proposed a proximate explanation for one expression of trophiclevel omnivory, namely when a predator consumes another predator. We have suggested that this type of omnivory may be a direct outcome of the foraging modes of the interacting species. Our explanation should complement, rather than compete with, functional explanations for trophic-level omnivory. For instance, suggested that it may be advantageous for one predator to consume another predator because it may (1) eliminate a potential com-petitor (''intraguild predation'') or (2) eliminate an individual that could subsequently attack them or their progeny (''reciprocal intraguild predation'') (see also Singer and Bernays [2003] ). Similarly, have argued that because arthropod growth and reproduction are often nitrogen limited, and because nitrogen concentrations in arthropod tissues increase as one moves up the food chain, that a typical predator is a higher-quality meal than is a typical herbivore. These hypotheses are not mutually exclusive. On the contrary, it is possible that sit-and-wait foraging strategies and the use of cues associated with prey movement may have been selectively favored in part because they led to a diet that was enriched in nitrogen, while eliminating potential competitors or predators.
Proximate and ultimate explanations for omnivory
ACKNOWLEDGMENTS
We thank E. B. Mondor, A. G. Zink, and two anonymous reviewers for constructive suggestions on the manuscript. This work was supported by the NRI Competitive Grants Program/USDA (grants 96-35302-3816 and 2001-35302-10955) .
LITERATURE CITED
Agrawal, A. A., and R. Karban. 1997 
INTRODUCTION
Feeding on both prey and plant food is a widespread feeding habit in insects , Alomar and Wiedenmann 1996 . Thousands of omnivorous insect species occur throughout a broad range of insect taxa, including grasshoppers, earwigs, thrips, true bugs, beetles, and ants. These insects represent a unique blend of morphological, physiological, and behavioral adaptations found in their predaceous and herbivorous relatives. Omnivorous insects in the order Heteroptera (true bugs), for example, possess digestive tracts and accessory salivary glands that are intermediate in length, size, and placement of those found in their herbivorous and predaceous relatives Carayon 1963, Goodchild 1966 ). In addition, many species of omnivorous heteropterans produce protein-digesting enzymes (proteinases and phospholipases) and plant-digesting enzymes (amylases and pectinases) whereas their strictly herbivorous and predaceous cousins produce only a subset (Baptist 1941 , Goodchild 1966 , Kahn and Ford 1967 , Miles 1972 , Varis et al. 1983 , Cohen 1990 , Schaefer and Panizzi 2000 , Wheeler 2001 (Faucheux 1975 , Cobben 1979 . The ecological significance of omnivory has historically received little attention. Recent studies, however, suggest that omnivory can deny prey density-related refugia from predation, dictate the strength of top-down control and resulting trophic cascades, alter the stability of food webs, and profoundly influence the movement of energy and nutrients through ecosystems , Ostrum et al. 1997 .
Studies of the evolution of omnivory, in contrast, are almost nonexistent in the literature (but see Cooper 2002 , Diehl 2003 . We know relatively little about the adaptive advantages of omnivory and the selective forces that favor or constrain the evolution of omnivory. The evolution of the morphological, physiological, and behavioral traits associated with omnivory have not been studied and we do not know if these traits evolve as a suite of correlated characters. Further, we know very little about the evolutionary consequences of evolving the ability to feed on both plants and prey. For example, the evolution of omnivory might influence the diversification rate of omnivorous taxa, but questions such as this have not been raised in the literature.
The goal of this paper is to stimulate the development of ideas concerning the evolution of omnivory. Insight into the evolutionary origin of omnivory will help us understand the adaptive significance of omnivory and elucidate the morphological, physiological, and behavioral hurdles that animals must overcome to consume both prey and plant food. We focus on the terrestrial lineages of the insect order Heteroptera and use published life history data and recent phylogenies to test two hypotheses concerning the evolutionary origin of feeding on both plants and prey: (1) that the tendency to feed on seeds and pollen is correlated with the evolution of omnivory, and (2) that broad host range (polyphagy) is associated with the evolution of omnivory.
In the evolution of omnivory from an ancestral state of herbivory, the propensity of an herbivorous species to evolve the ability to capture and consume prey may be related to the plant part consumed by the species (Sweet 1979 , Cobben 1979 . Different parts of the same host plant can vary tremendously in concentrations of nitrogen and nitrogen is an important limiting nutrient for most insects (Strong et al. 1984) . Seeds and pollen frequently contain up to 10% nitrogen whereas leaves often contain as little as 0.7% nitrogen. Phloem and xylem tissues contain even less nitrogen than leaves (0.005% and 0.0002%, respectively) (Andrews 1935 , Evans 1982 , Murray and Cordova-Edwards 1984 , Strong et al. 1984 , Douglas and Weaver 1989 . Plant parts also vary in the concentrations of other nutrients, carbohydrates, defensive allelochemicals, and the type and degree of antiherbivore mechanical defenses (Tamas et al. 1979 , Strong et al. 1984 , Thomison et al. 1988 . As a result, herbivorous insects are usually adapted to feed on a particular part of their host plant or plants (Janzen 1979 , Kirk 1985 . For example, foliage-feeding species do not produce the digestive enzymes that would allow them to digest the proteins found in seeds and pollen, but these enzymes are produced by their seed and pollen-feeding relatives (Houseman et al. 1984 , Kirk 1985 , Schaefer and Panizzi 2000 , Wheeler 2001 ). Some authors have hypothesized that seed and pollenfeeding herbivores may be preadapted to consume nitrogen-rich prey and, consequently, that lineages of seed or pollen-feeding herbivores will give rise to omnivores more frequently than lineages of foliagefeeding herbivores (Sweet 1979 , Cobben 1979 . This is predicted on the basis of a nutritional match between nitrogen-rich plant parts and nitrogen-rich prey. Conversely, predaceous lineages of insects are hypothesized to be more likely to give rise to omnivores that feed on seeds and pollen than omnivores that feed on plant foliage because high nitrogen plant parts (seeds and pollen) are nutritionally more similar to prey (Sweet 1979 , Cobben 1979 . Feeding on seeds and pollen is, therefore, hypothesized to be a transitional state in the evolution of omnivory from both herbivory and predation.
The host range of herbivorous insect species may also affect their propensity to evolve the adaptations necessary for prey feeding (Sweet 1979 , Cobben 1979 .
Host range is defined by the diversity of plant taxa consumed by an herbivorous or omnivorous insect species. The morphological, physiological, and behavioral adaptations associated with polyphagy (feeding on diverse plants representing two or more plant families) may lend themselves to an omnivorous lifestyle. For example, polyphagous insects produce the enzymes necessary to digest a variety of plant species and have the ability to detoxify a variety of allelochemical-based plant defenses (Bernays and Minkenberg 1997) . Some authors have suggested that adaptations such as detoxifying enzymes make polyphagous species more likely to consume prey than monophagous species (Sweet 1979 , Cobben 1979 . Polyphagous herbivores may also have behavioral traits that make it more likely that they will be omnivorous than their monophagous or oligophagous relatives. Polyphagous herbivores move among plants far more often than their monophagous relatives and this may affect their nutrient requirements as well as their predisposition to attack and consume prey (Wheeler 2001) . Lineages of polyphagous herbivores, therefore, may be more likely to evolve omnivorous species than are their monophagous relatives. Conversely, omnivorous species that have recently evolved within predaceous lineages are also likely to be polyphagous. Until they undergo selection for specialization on specific plant taxa, these omnivores are unlikely to be very specific about the host plants they consume.
We evaluated these hypotheses by focusing on the life histories and evolutionary history of several terrestrial lineages of the insect order Heteroptera. Terrestrial heteropterans are an ideal group for studying the evolution of feeding habits because they have diverse feeding habits, contain many omnivorous species, have well-known biologies, and have relatively wellestablished taxonomic and evolutionary relationships. In addition, the three feeding habits have evolved multiple times within this order, with herbivorous lineages giving rise to predators and predaceous lineages giving rise to herbivores (Cobben 1979 , Sweet 1979 , Schuh 1986 , Schuh and Slater 1995 , Coll 1998 ). Heteropterans, therefore, provide a rich biological and historical framework to test ideas regarding the evolution of omnivory.
In order to test our two hypotheses concerning the evolutionary origin of omnivory, we mapped the plant parts consumed and host plant range of insects in two heteropteran suborders onto their respective phylogenies and used phylogenetically independent contrasts to test for correlations between these traits and omnivory.
METHODS
We extracted life history information for 398 species of terrestrial heteropterans distributed in 232 genera, 22 families, and two suborders from 146 published sources (see Appendices). We focused on the terrestrial WHY OMNIVORY? Special Feature heteropterans in the suborders Cimicomomorpha and Pentatomomorpha because they include large numbers of herbivores, omnivores, and predators, and because strict herbivory, omnivory, and strict predation have evolved independently multiple times within these groups (Cobben 1979 , Sweet 1979 , Schuh 1986 , Schuh and Slater 1995 , Alomar and Wiedenmann 1996 . We used the most recent phylogenies for each suborder, Schuh and Stys (1991) for the Cimicomomorpha (Appendix A) and Henry (1997) for the Pentatomomorpha (Appendix B), for our analyses. Both of these phylogenies are based on morphological characters. These two lineages are particularly useful for this study because the Cimicomomorpha is ancestrally predaceous and the Pentatomomorpha is ancestrally herbivorous (Sweet 1979 , Cobben 1979 , Schuh 1986 , Schuh and Stys 1991 , Henry 1997 . The correlation of seed and pollen feeding and broad host range with the evolution of omnivory in both lineages would suggest that these traits play a pivotal role in the evolutionary transition from herbivory to omnivory and from predation to omnivory.
For each heteropteran species surveyed, we scored the family and subfamily classification, the plant part consumed by the species, and whether or not the species consumed prey. From this information, we characterized the species' feeding habit as strictly herbivorous (consumes only plants), omnivorous (consumes plants and prey), or strictly predaceous (consumes only prey). We also characterized the species host range as monophagous (consumes plants belonging to one genus), oligophagous (consumes plants in two or more genera within the same plant family), or polyphagous (consumes plants in two or more families).
We used two analyses to control for possible phylogenetic nonindependence among heteropteran species. Our approach follows that of and all methods are based on the principal of phylogenetically independent contrasts (Felsenstein 1985) . The two tests represent each end of the continuum between strictness of correction for similarity due to common ancestry and potential statistical power (Mazer 1998, Ackerly and Reich 1999) . We used both liberal and conservative techniques to control for phylogenetic constraints because omnivory has evolved multiple times within multiple heteropteran lineages and is unlikely to be highly conserved (i.e., is phylogenetically labile).
The first analysis partitioned species into a set of family-level groups each containing at least one phylogenetically independent contrast between herbivores and omnivores (sensu . These groupings corresponded to single, monophyletic taxa in the case of the superfamily Pentatomoidea, the families Berytidae, Miridae, Pyrrhocoridae, and Rhopalidae, and the subfamily Lygaeinae. In other cases, these family-level groups consisted of pairs of sister taxa with different feeding life histories (omnivorous vs. herbiv-orous; Table 1 ). This procedure reduced our data to eight family-level groups (Table 1) . We then conducted a logistic regression analysis with family group, plant part consumed (foliage or reproductive), and host range (restricted or polyphagous) as predictor variables and feeding habit (herbivory or omnivory) as the dependent variable (SAS version 8.2, Proc Logistic with class statement; Stokes et al. 2000) .
This analysis corrects for phylogenetic nonindependence among family-level groups, but treats species within these groups as independent and does not control for phylogenetic non-independence at levels above family. The second analysis controls for phylogenetic nonindependence at all levels and is considered a conservative test of correction for similarity due to common ancestry. In this analysis, we reduced the data set further to include only phylogenetically independent contrasts among sister taxa (Ridley 1983 , Felsenstein 1985 , Harvey and Pagel 1991 . This required that we assign a feeding habit to each familylevel group. If all species within a group were herbivorous, then we scored that group as herbivorous. If some or all species within the group were omnivorous, then we scored that group as omnivorous. We identified four meaningful phylogenetically independent contrasts using the phylogenies of Schuh and Stys (1991) and Henry (1997) : Miridae (omnivorous) vs. Tingidae (herbivorous), Coreidae (herbivorous) vs. Alydidae (omnivorous), Berytidae (omnivorous) vs. Colobathristidae (herbivorous), and Ischnorhynchinae (omnivorous) vs. Orsillinae (herbivorous). We used two 2 ϫ 2 contingency table analyses to test the hypotheses that evolutionary changes in feeding habit were independent of plant part consumed and host range. A significant G is evidence that pairs of character states are not independent, but that some combinations of characters are more or less common than expected by chance (Ridley 1983, Harvey and Pagel 1991) . 
RESULTS
Feeding on seeds and pollen is correlated with omnivory.-We found strong support for the hypothesis that the evolution of omnivory is correlated with the consumption of seeds and pollen. There was a significant effect of plant part on feeding habit in the analysis that controlled for phylogenetic nonindependence at the level of family group (Wald 2 ϭ 4.01, df ϭ 1, P ϭ 0.045). Overall, heteropteran species that consumed seeds and pollen were more likely to be omnivorous than foliage-feeding species (Fig. 1) . In the Miridae, for example, 53% of the species that fed on reproductive plant parts were omnivorous whereas only 37% of the species that fed on foliage were omnivorous (Fig.  1) . This pattern was even more striking in the Berytidae: 85% of the species that fed on seeds and pollen were omnivorous and only 25% of the species that fed on foliage were omnivorous (Fig. 1) . The effect of family group in this analysis was not significant (Wald 2 ϭ 11.10, df ϭ 7, P ϭ 0.134). We found the same pattern in the analysis that controlled for phylogenetic nonindependence at all levels. In this analysis, taxa that fed on seeds and pollen were significantly more likely to be omnivorous than their foliage-feeding sister taxa (G ϭ 6.1, df ϭ 1, P Ͻ 0.025). In addition, feeding on seeds and pollen appeared to be correlated with omnivory in both the ancestrally predaceous lineage (Cimicomomorpha) (e.g., Miridae in Fig. 1 ) and the ancestrally herbivorous lineage (Pentatomomorpha) (e.g., Berytidae in Fig. 1) .
Polyphagy is correlated with omnivory.-We also found evidence that the host range of a heteropteran species affects its propensity to be omnivorous. There was a statistically significant affect of host range on feeding habit in the analysis that controlled for phylogeny at the family-group level (Wald 2 ϭ 26.52, df ϭ 1, P Ͻ 0.001). This was evident in the Miridae, the Pentatomoidea, the Alydidae ϩ Coreidae, the Berytidae, the Ischnorhynchinae ϩ Orsillinae, and the Lygaeinae (Fig. 2) . The opposite pattern was evident in the Rhopalidae and the Pyrrhocoridae (Fig. 2) . These results suggest that there may be an interactive effect of family group and host range such that in some groups polyphagous species are more likely to be omnivorous and in other groups monophagous species are more likely to be omnivorous, but our data set was neither large enough nor balanced enough to test this hypothesis statistically. There was a statistically significant effect of family group (Wald 2 ϭ 14.83, df ϭ 7, P ϭ 0.038), indicating that there was an effect of phylogeny on the distribution of omnivores.
We saw the same pattern in the analysis that controlled for phylogenetic nonindependence at all levels: polyphagous taxa were significantly more likely to contain omnivorous species than their monophagous or oligophagous sister taxa (G ϭ 6.0, df ϭ 1, P Ͻ 0.025). Host range and omnivory appeared to be correlated in both the ancestrally predaceous lineage (Cimicomomorpha) (e.g., Miridae in Fig. 2 ) and the ancestrally herbivorous lineage (Pentatomomorpha) (e.g., Berytidae in Fig. 2 ).
DISCUSSION
Our results support the hypotheses that seed and pollen feeding and broad host plant range are correlated with the evolution of omnivory in terrestrial heterop-WHY OMNIVORY? terans. Heteropteran species that fed on seeds and pollen were significantly more likely to be omnivorous than their foliage-feeding relatives (Fig. 1) . Likewise, polyphagous species were significantly more likely to be omnivorous than their relatives with restricted host ranges (monophagous or oligophagous), although this effect may vary to some extent among family-level groups (Fig. 2) . These patterns were apparent when we used both liberal and conservative methods to control for the effects of phylogeny on the evolution of omnivory and were apparent in both ancestrally predaceous (Cimicomomorpha) and ancestrally herbivorous (Pentatomomorpha) lineages.
Special Feature
We suggest that seed and pollen-feeding insects are preadapted to consume prey and that predaceous insects are similarly predisposed to consume nitrogen-rich plant parts. Preadapation may be associated with physiological traits. For example, the digestive enzymes produced by seed and pollen-feeding herbivores may be able to digest prey. Similarly, the digestive enzymes produced by predators may be able to digest seeds and pollen. Further, some morphologies or behaviors of seed and pollen-feeding herbivores and predators may be functionally interchangeable. For example, how similar do the mouthparts of omnivores have to be to their herbivorous and predaceous relatives to function adequately in both prey and plant consumption? Do host-plant identification behaviors and mobility associated with polyphagous heteropterans allow them to track prey? To our knowledge, these hypotheses have never been tested; however, questions like these could be addressed by comparative studies of closely related herbivores, omnivores, and predators.
Ecological consequences
The consumption of seeds and pollen as well as polyphagy could dramatically affect the spatial and temporal abundance of omnivorous insects. Omnivores that consume seeds and pollen may be forced to track changes in the abundance of these plant resources in space and time (Eubanks and Denno 1999, 2000) . Omnivorous insects are noted for their attraction to pollen and seeds (Kiman and Yeargan 1985 , Read and Lampman 1989 , Coll and Bottrell 1991 , 1992 and some studies even suggest that omnivorous ''predators'' actually track variation in the production of seeds and pollen more than they track variation in the population size of prey (Cottrell and Yeargan 1998, Eubanks and . The impact of these omnivores on prey is largely dictated by variation in the abundance of seeds and pollen because the presence of high quality plant food not only affects omnivore abundance, but also alters the per capita consumption of prey by omnivores (Cottrell and Yeargan 1998, Eubanks and . Likewise, the abundance of polyphagous plant feeders is affected by spatial and temporal variation in host plants, and polyphagous herbivores are frequently more widespread and abundant than monophagous relatives, especially if the monophagous insects specialize on relatively rare plants (Ehrlich and Raven 1964) . MICKY D. EUBANKS ET AL. Ecology, Vol. 84, No. 10 
Evolutionary consequences
Omnivory may be a key innovation that leads to taxonomic diversification if the ecological flexibility provided by the ability to consume both prey and plant food allows omnivorous species to be more ''successful'' than their strictly herbivorous or predaceous relatives. We did not have enough data to test this hypothesis statistically, but our preliminary results are intriguing. We found three independent contrasts of omnivorous and herbivorous sister taxa for which we could readily find the number of described species and/ or estimates of the number of extant species: Miridae (omnivorous) vs. Tingidae (herbivorous), Coreidae (herbivorous) vs. Alydidae (omnivorous), and Berytidae (omnivorous) vs. Colobathristidae (herbivorous). In two out of the three contrasts, the omnivorous taxa were dramatically more diverse than their herbivorous sister taxa (Miridae vs. Tingidae and Berytidae vs. Colobathristidae). This interesting result suggests that the evolution of omnivory may have profound consequences for the generation of biodiversity.
In conclusion, we found evidence that the evolution of omnivory is correlated with the consumption of seeds and pollen and broad host range within heteropteran insects. Our results suggest that herbivorous species that consume these nitrogen-rich, reproductive plant parts are far more likely to evolve the adaptations necessary to include prey in their diet than their foliagefeeding relatives. Likewise, polyphagous species are more likely to evolve the ability to include prey in their diet than their relatives that specialize on a single or few plant species. Conversely, predators may be preadapted to feed on seeds and pollen and may be preadapted to have a broad host range. We hope our assessment of the evolution of omnivory in heteropteran insects stimulates the development of ideas concerning the evolutionary origin and consequences of this important feeding habit.
INTRODUCTION
It is now widely accepted that omnivory, the consumption of resources from more than one trophic level, is very common in natural communities , Diehl 1993 . From the perspective of an individual consumer, being an omnivore seems advantageous, because food abundance is usually highest at lower trophic levels, whereas food quality (e.g., content in proteins) normally increases with position in the food chain (Hastings and Conrad 1979 . An omnivorous feeding mode may thus enable the harvesting of both more abundant but less nutritious and of less abundant but more nutritious food sources in variable proportions able to find, catch, ingest, and digest food types spanning a potentially vast range of behaviors, morphologies, and biochemical compositions. Coping with a wide variety of food types may have to involve specific adaptations. For example, omnivores that feed on both animals and plants must possess a morphology allowing them to physically harm and subdue animal prey while at the same time carrying a digestive tract capable of processing both plant and animal material (Coll and Guershon 2002, Eubanks et al. 2003) . Morphological and phylogenetic evidence suggests that, for many omnivorous taxa, the ability to feed on resources from more than one trophic level is a derived trait that has evolved from more specialized, ancestral states , Eubanks et al. 2003 . This begs the question: which ecological circumstances would favor the evolution of omnivory from more specialized feeding habits?
A related question is: under which ecological circumstances is omnivory maintained in a community? From a population dynamical perspective, the commonness of omnivory poses a puzzle, because omnivory frequently causes extinctions in simple model SEBASTIAN DIEHL Ecology, Vol. 84, No. 10 communities , Diehl and Feißel 2000 , Mylius et al. 2001 . In particular, intermediate prey species are prone to go extinct in the presence of an omnivore, the omnivore being both a direct consumer and a resource competitor of the intermediate prey. Under such circumstances, omnivory is de facto lost from the community and the former omnivore should evolve into a specialist consumer of the formerly shared resources.
The factors involved in the evolution and maintenance of traits enabling consumers to feed on more than one trophic level are likely to be complex. Still, three simple, plausible assumptions can be made. First, evolution of omnivory requires prior coexistence of the species subsequently involved in it. Second, the evolution of omnivory should be facilitated, if the subsequent omnivore is already physically superior to the subsequent intermediate consumer. Third, the maintenance of traits enabling omnivorous feeding requires continuous coexistence of the omnivore with both intermediate consumers and shared resources. Based on these assumptions, I use a dynamical model to explore conditions for coexistence of two consumers depending on a single biotic resource in simple food webs of increasing asymmetry in consumer interactions: (1) pure resource competition, (2) resource competition combined with unidirectional interference, (3) intraguild predation, and (4) pure predation. Food webs 1, 2, and 4 can be viewed as potential precursors to food web 3, which represents the simplest possible case of omnivory.
Because the potential advantages of an omnivorous diet are related to differences in the relative abundance and quality of food types at various trophic levels, I emphasize the influences of carrying capacity and nutritional quality of the basal resource on coexistence of the two consumers. Nutritional quality is frequently related to the stoichiometric elemental composition of tissues and can be a dynamic trait itself (Droop 1974 . I therefore consider systems in which the nutritional quality of the basal resource is either fixed or flexible. In the latter case, I relate nutritional quality to nutrient stoichiometry of the resource and the consumers. I will show that low nutritional quality of the basal resource (be it a fixed trait or the result of feedback processes) may facilitate both the expression and the maintenance of omnivory in simple three-species food webs. THE GENERAL APPROACH AND THE BASIC MODEL I consider three potential scenarios for the evolution of omnivory in one-resource-two-consumer systems:
(1) the precursor is a competitive system with fixed resource quality; (2) the precursor is a food chain with fixed resource quality; (3) the precursor is a competitive system with flexible resource quality. To investigate dynamical constraints on the evolution and maintenance of omnivory, I use the following general model of a three-species system with omnivory, of which the potential precursor systems are special cases: dR ϭ r (R, K, B, N, P) 
NP N P NP P
This system consists of a biotic resource R that is consumed by consumers N and P, whose densities are all measured in units of biomass. The resource has a maximum specific growth rate r, of which only a fraction is realized at any given time. Consumer j feeds on resource/consumer i with rate a ij , converts its food into own biomass with efficiency e ij , and loses biomass (through metabolism and mortality) at a rate m j . The specific forms of the functions , a ij , and e ij for the three different evolutionary scenarios are listed in Table 1 and will be explained in detail in later sections (see also Table 2 ).
I do not investigate the three scenarios with a truly evolutionary approach, in which the capacity to feed on more than one trophic level would be a dynamically evolving trait. Rather, I ask two much more basic questions. First, do the scenarios fulfill the fundamental requirement that the three species must coexist prior to evolution of omnivory? Second, once omnivory has evolved, how is the persistence of a three-species system with omnivory affected by the productive capacity and quality of the basal resource?
Because the focus of this paper is on the second question, I limit the analysis for simplicity to cases where potential precursor systems must have locally stable equilibria. I thus apply the following approach to all three evolutionary scenarios. I first investigate the invasibility of boundary sets of the full system (i.e., of systems with only one consumer) by the missing consumer and whether stable three-species coexistence is possible prior to the evolution of omnivory. I then ask whether mutual invasibility of locally stable boundary equilibria remains possible after the evolution of omnivory [which are sufficient conditions for the persistence of the omnivory system (Hutson and Law 1985) ]. Effects of resource abundance and quality on these issues are addressed by varying the resource carrying capacity K and the conversion efficiency e RP of resources into omnivore biomass. Persistence of both the precursor and the omnivory systems does, however, not require the existence of locally stable equilibria (Armstrong and McGehee 1980 , McCann and Hastings 1997 , Kooi et al. 2002 . The applicability of the results K, B, N, P to nonequilibrium systems will be briefly addressed in the Discussion.
SCENARIO 1: RESOURCE COMPETITION WITH AND WITHOUT INTERFERENCE COMPETITION IN A SYSTEM
WITH FIXED RESOURCE QUALITY Scenario 1 assumes that the precursor to an omnivory system is a competitive system with fixed resource quality. These assumptions can be included in the general model by setting the attack rate of consumer P on consumer N to zero and the conversion efficiencies of consumed resources R into consumer biomass to constant values (Model I in Table 1 ). Because an omnivore must be able to harm its prey, I also investigate the situation in which one of the consumers is already physically superior to the other consumer. Such phys- SEBASTIAN DIEHL Ecology, Vol. 84, No. 10 ical asymmetry can be included in the model by assuming unidirectional, behavioral interference between consumers. To tilt the balance as much as possible in favor of the inferior resource competitor P, I assume that interference behavior incurs no cost to the ''donor'' of interference (consumer P), whereas the ''receiver'' of interference (consumer N) suffers a proportional reduction 1/(1 ϩ cP) in its attack rate on the resource (Model I in Table 1) .
It is a well-established result that stable coexistence of two consumers limited by a single, homogeneous resource of constant quality is impossible and that the consumer which can maintain a population at the lowest level of the resource will competitively exclude the other consumer, if competition is purely exploitative (Armstrong and McGehee 1980) . This can be illustrated with plots of zero-net-growth isoclines of Model I (with the interference constant c set to zero) in the RNand RP-subsystems. The superior exploitative competitor (assumed to be N) can always invade a system in which the inferior exploitative competitor (assumed to be P) is at equilibrium with the resource (Fig.  1B ). Once established, N will quickly drive the resource to levels where the population growth rate of P becomes negative and P goes extinct. Conversely, P is unable to invade a system in which N is at equilibrium with the resource (Fig. 1A) .
The outcome of competition may change, if the two consumers also engage in interference and if there is a trade-off between exploitation and interference abilities. If the inferior exploitative competitor P is superior in interference competition, the superior exploitative competitor N may be unable to invade an RP system at equilibrium. This scenario is only possible in sufficiently productive systems. If the carrying capacity of the resource is high, interference from a high density of P at the RP equilibrium will cause an invading population of N to decline (Fig. 1B) . Because interference does not convey any direct benefit to P, it does not, however, enhance the ability of P to increase from low densities in an RN system at equilibrium. Thus, in sufficiently productive systems, invasion of a single consumer-resource system at equilibrium by the respective other consumer is impossible (Fig. 1A, B ) and the system settles either to an RN or an RP equilibrium, depending on initial conditions. Stable coexistence of two consumers sharing a single resource is thus impossible also in the case of unidirectional interference competition. These results are robust against the inclusion of nonlinear functional responses of the consumers (Appendix A) and extend to situations where interference between consumers is mutual (Amarasekare 2002) .
SCENARIO 2: FOOD CHAIN WITH AND WITHOUT
OMNIVORY IN A SYSTEM WITH FIXED RESOURCE QUALITY Scenario 2 assumes that the precursor to an omnivory system is a linear food chain with fixed resource qual-ity. These assumptions can be included in the general model by setting the attack rate of consumer P on the resource to zero and the conversion efficiencies of consumed food into consumer biomass to constant values (Model II in Table 1) .
In contrast to a purely competitive system, stable coexistence of two consumers depending on a single resource is possible, if the species are arranged in a linear food chain and if the resource at the base of the food chain has a sufficiently high carrying capacity (Oksanen et al. 1981 , DeAngelis 1992 . This can again be illustrated with an isocline plot in the RN subsystem (an RP subsystem does not exist, because P does not feed on the resource). If the carrying capacity of the resource is high, a sufficient density of intermediate consumers N is maintained in an RN system so that invading top consumers P can increase from low densities (Fig. 1C ). In the case of linear functional responses (Fig. 1C) , invasibility of an RN system by P also guarantees the existence of a globally stable equilibrium of the food chain.
A linear food chain thus clearly fulfills the basic condition that the three species must be able to coexist prior to the evolution of omnivory. If costs of diet generalization are low, selection should then favor the inclusion of the resource in the top consumer's diet, in particular in habitats with high resource carrying capacity K. In the latter situation, the intermediate consumer will, however, be frequently driven to extinction, as can be seen in the plane of the RP subsystem (Fig.  2B) . As K increases, the increasingly abundant and productive alternative food source R sustains an increased predation pressure from the top consumer on the intermediate consumer. Mutual invasibility and coexistence of the two consumers is therefore often limited to a relatively narrow range of resource carrying capacities ( Fig. 2A-C ; Diehl and Feißel 2000 , Mylius et al. 2001 ). This poses a dynamical constraint on the maintenance of omnivory. At resource carrying capacities for which the intermediate consumer goes extinct, omnivory is not expressed and the former top consumer should evolve into a specialist consumer of the resource.
The destabilizing effect of a high resource carrying capacity can, however, be completely neutralized by low resource quality (low conversion efficiency e RP of resources into top consumer biomass). Whenever the combination of parameters allows stable persistence of an omnivory system at some K, three-species persistence is possible also at infinitely high K if e RP is lower than a threshold value ( Figs. 2D-F, 3 ). This is shown in Appendix B, where the threshold conversion efficiency is given in Eq. B9. Fig. 3 
Special Feature
FIG. 1. Invasibility of boundary equilibria in a competitive system with and without interference and in a food chain. Panel A shows zero-net-growth isoclines in the RN plane (i.e., P ϭ 0) of a system where N and P are exploitative competitors (Model I). Panel B shows zero-net-growth isoclines in the RP plane (i.e., N ϭ 0) of a system where N and P are exploitative competitors and P may additionally interfere with N (Model I). Panel C shows zero-net-growth isoclines in the RN plane (i.e., P ϭ 0) of a system where P feeds on N but not on R (Model II). In panels A and C, the gray areas mark conditions under which P can increase (i.e., PЈ Ͼ 0) from low densities in an RN-system. If the intersection of the R and N isoclines is in the gray area, then P can invade an RN system at equilibrium. Likewise, the gray areas in panel B mark the conditions under which N can increase (i.e., NЈ Ͼ 0) from low densities in an RP system. The dark gray area applies to a system with unidirectional interference of P against N. In the absence of interference, NЈ Ͼ 0 in the entire gray area. In the example, N can invade an RP system at equilibrium only in the absence of interference ( With further decreases in resource quality, the coexistence region extends to ever increasing resource carrying capacities. Below the threshold conversion efficiency (here e RP Ͻ 0.0706), stable persistence of the omnivory system is possible at infinite K.
SCENARIO 3: RESOURCE COMPETITION AND OMNIVORY IN A SYSTEM WITH DYNAMICALLY FLEXIBLE RESOURCE QUALITY
Scenario 3 assumes that the precursor to an omnivory system is a competitive system with flexible resource quality. In scenarios 1 and 2, food quality was modeled phenomenologically as constant conversion efficiencies of consumed food into consumer biomass. The nutritional quality of many plants (and some animals) can, however, be a dynamic trait related to flexible tissue contents of essential components (e.g., mineral nutrients, vitamins, fatty acids) or toxic compounds. Here, I focus on mineral nutrient to biomass stoichiometry as a broadly relevant, mechanistic representation of food quality . I consider a system consisting of a plant species R with flexible nutrient stoichiometry and two herbivorous consumers N and P with fixed stoichiometry and explore the possibilities for three-species coexistence with and without an additional omnivorous feeding link between the consumers.
The model is an extension of the one-resource-twoconsumer model of Loladze et al. (in press ; see also Loladze et al. 2000) , to which I have added the possibility of predation by consumer P on consumer N (Model III in Table 1) . At any given time, plant production is assumed to be limited either by a mineral nutrient or by some other resource (e.g., light, space). The total amount of nutrient in the system is given by B, whereas the supply of other limiting plant resources is implicitly modeled as a carrying capacity K. The limiting nutrient occurs in the system only in organic form, i.e., incorporated in plant and consumer biomass. This corresponds to the assumption that there is no storage pool of the limiting nutrient, as is approximately true for, e.g., pelagic aquatic systems. Any nutrient excreted by consumers or lost in dead consumer bodies is assumed to be instantly mineralized and incorporated into plant biomass. Thus, the specific nutrient content q R of plant biomass is dynamic and given by
where q N and q P are the specific nutrient contents per biomass of consumer N and P. I assume q N and q P to be constant, although these ratios may vary somewhat in practice (DeMott et al. 1998, Sterner and George 2000) . The nutrient content of plants has a physiologically set lower bound q Rmin . Plant growth is limited by SEBASTIAN DIEHL Ecology, Vol. 84, No. 10 FIG. 2. Invasibility of boundary equilibria and sequence of equilibrium biomasses along a gradient of resource carrying capacities K for different conversion efficiencies e RP of resources into omnivores in Model II. Panels A and D show zeronet-growth isoclines in the RN plane (i.e., P ϭ 0) for two different carrying capacities (K ϭ 100 and K ϭ 600). Panels B and E show the corresponding zero-net-growth isoclines in the RP plane (i.e., N ϭ 0). In panels A and D, the gray areas mark conditions under which the omnivore can increase (i.e., PЈ Ͼ 0) from low densities in an RN system. Likewise, the gray areas in panels B and E mark the conditions under which the intermediate consumer can increase (i.e., NЈ Ͼ 0) from low densities in an RP system. In the example, the omnivore can always invade an RN system (panels A, D). In contrast, at high resource quality (high e RP ), an increase in K must eventually lead to noninvasibility of the RP system by the intermediate consumer, because the intersection of the N and P isoclines is below the intersection of the R isocline with the ordinate (panel B). Consequently, stable persistence of an omnivory system is restricted to a narrow range of carrying capacities (gray area in panel C). At low resource quality (low e RP ), the intersection of the N and P isoclines occurs at higher values of P (panel E), and the intermediate consumer will be able to invade an RP system also at infinitely high K (gray area in panel F). At sufficiently low carrying capacities, the R and N isoclines may intersect in the lower left corners (white areas) of panels A and D, and the omnivore cannot invade an RN system at equilibrium. Invasibility of boundary equilibria: filled circle ϭ noninvasible; open circle ϭ invasible. Parameter values are as in Fig. 1 (default values) . In panels A-C, e RP ϭ 0.1; in panels D-F, e RP ϭ 0.06. the nutrient when the following inequality is fulfilled (as follows from substitution of Eq. 2 into the expression for resource renewal in Model III [ The transition between the two forms of limitation shows as a bend in the plant (R) isocline (Fig. 4) . With nutritional quality of plants being dynamic, efficiencies for the conversion of plant biomass into consumer biomass are no longer constant. Following Loladze et al. (in press), a simple rule is adopted to calculate these conversion efficiencies. When the specific nutrient content of a food species is larger than the specific nutrient content of consumer biomass (i.e., q i Ͼ q j , where i is the food and j is the consumer), con-version efficiency is set to its maximum value e ij . Conversely, when a food species is nutrient deficient compared to its consumer, only a fraction q i /q j of e ij is realized. In this case, consumer growth is limited by the nutrient content rather than the carbon content of its food. An important final assumption is that consumers have saturating functional responses. Loladze et al. (in press) have shown that stable coexistence of two consumers limited by a single plant is possible, if plant quality is dynamic. This can be illustrated with isocline plots in the RN and RP subsystems (Fig. 4A, B ). Plant quality q R is a decreasing function of plant and consumer densities (Eq. 2). The plant and consumer densities for which q R ϭ q j form a straight line with negative slope. To the left of that line, consumer growth is limited by the carbon content of plants (q R Ͼ q j ) and consumer isoclines are straight vertical lines as in systems with constant resource qual- Fig. 2 ; e RP1 asymptotes at 0.0706. A three-species equilibrium with omnivory is feasible whenever e RP is high enough to allow P to invade an RP system at equilibrium (i.e., e RP Ͼ e RP2 ) but low enough to not drive N extinct (i.e., e RP1 Ͼ e RP ) (see Appendix B). ity. To the right of the q R ϭ q j line, consumer growth is limited by the nutrient content of plants (q R Ͻ q j ). Here, any increase in plant density R is more than compensated for by a concomitant decrease in food quality q R ; i.e., the consumers' nutrient intake rates and, consequently, their growth rates decrease with increasing R and consumer isoclines have negative slopes in the region where q R Ͻ q j (Fig. 4A, B ). If the equilibria of both the RN and the RP subsystems lie in this region of low plant quality, mutual invasibility is possible and a globally stable equilibrium with both competitors may exist (Fig. 4A, B) . At the resulting three-species equilibrium, both consumers are limited by plant quality q R rather than plant quantity R (Loladze et al., in press) .
A competitive system with flexible plant quality thus also fulfills the condition that the three species must be able to coexist prior to the evolution of omnivory. If costs of diet generalization are low, selection should then favor the inclusion of the competitor in the subsequent top consumer's diet. This evolutionary scenario may indeed lead to a stable omnivory system. After the inclusion of a feeding link from consumer P on consumer N in the competitive system depicted in Fig.  4A, B , mutual invasibility and stable three-species coexistence are still possible (Figs. 4C, D, 5 ).
In the numerical example, I have assumed a tradeoff between the omnivore's capacities to feed on plants vs. intermediate consumers. Compared to the intermediate consumer N, the omnivore P has a lower maximum conversion efficiency e Rj and a longer handling time h Rj when feeding on plants. Nevertheless, because P has a lower mortality rate than N, the former is actually the superior competitor in situations where plant quality is high. This can be seen by comparison of the vertical parts of the consumer isoclines in the purely competitive system. At high plant quality (q R Ͼ q j ), P requires a lower plant density than does N to achieve zero net population growth (Fig. 4A, B) . Thus, when plant quality is dynamic, competitive ranking may change with changing plant quality and stable coexistence of a three-species omnivory system may be possible, even if the omnivore is the superior competitor under some environmental conditions. In the example, P can invade the system at a lower plant carrying capacity than can N (Fig. 5A ). This is in stark contrast to a fundamental coexistence requirement in more traditional models (e.g., Model II). When the quality of the basal resource is fixed, stable coexistence of a three-species omnivory system is only possible if the intermediate consumer is the superior resource competitor under all environmental conditions, which implies that it can invade the system at a lower resource carrying capacity than can the omnivore (Fig. 2 ; Holt 1992, Holt and . Fig. 5A also illustrates how plant quality and quantity interact in determining coexistence of the omnivore with the intermediate consumer. As plant carrying capacity K increases, plant quality at equilibrium q R (R*) decreases. Because the intermediate consumer is the superior resource competitor at low resource quality, it may eventually invade the system. At even higher K, all species may be so strongly nutrient limited that their densities become independent of further increases in K. In this case, three-species coexistence is possible also at infinitely high K. This result seems to recover the similar result from the model with fixed quality of the basal resource ( Fig. 3) . Still, the influence of plant quality and quantity on consumer coexistence is more complex when plant quality is dynamic, because the productive capacity of plants now depends on two limiting resources (modeled as K and B). For example, if the productive capacity of plants is varied through variation in the total amount of nutrient in the system B, three-species coexistence is, again, possible only at relatively low plant quality (Fig. 5B) . At still lower levels of plant quality (at levels of B, where plant biomass is kept below the carrying capacity set by other limiting resources), however, none of the consumers can exist at all (Fig. 5B) . Fig. 5B indicates that dynamic flexibility in resource quality may lead to complex patterns of species coexistence and abundance along environmental gradients. These patterns include multiple stable states (e.g., at B Ͼ 0.31, there is an alternative stable state with only R and P) and unstable dynamics (e.g., at B Ͼ 0.38, the R-P system starts to oscillate). A detailed analysis of Model III is, however, beyond the scope of this paper. The main point of the limited numerical analysis SEBASTIAN DIEHL Ecology, Vol. 84, No. 10 FIG. 4 . Invasibility of boundary equilibria (open circles) in a competitive system without (A, B) and with (C, D) omnivory in Model III. Panels A and C show zero-net-growth isoclines in the RN plane (i.e., P ϭ 0). Panels B and D show the corresponding zero-net-growth isoclines in the RP plane (i.e., N ϭ 0). Moving from left to right along the plant isocline (RЈ ϭ 0), a transition from nutrient limitation of plant growth to limitation by other resources (which determine the plant carrying capacity K) occurs at the bend. Consumer isoclines have negative slopes where plant quality is low (i.e., consumer growth is limited by the nutrient density rather than the carbon density of the plant). This occurs to the right of the thin dotted line where q R ϭ q N ϭ q P . Gray areas mark conditions under which the respective missing consumer can increase (i.e., PЈ Ͼ 0 or NЈ Ͼ 0) from low densities. In the example, mutual invasibility (and stable NP coexistence) is possible in both a purely competitive system and an omnivory system. Parameter values are a RN ϭ 0.085, a RP ϭ 0.08, B ϭ 0.3, m N ϭ 0.25, m P ϭ 0.15 e RN ϭ 0.8, e RP ϭ 0.66, e NP ϭ 0.9, h RN ϭ 0.16, h RP ϭ 0.4, K ϭ 70, q Rmin ϭ 0.003, q N ϭ 0.03, q P ϭ 0.03, r ϭ 0.58. In panels A and B, a NP ϭ 0. In panels C and D, a NP ϭ 0.05, and h NP ϭ 0.5.
FIG. 5. Sequence of equilibrium biomasses and of the nutrient quota per biomass of resource at equilibrium q R (R*) along a gradient of resource carrying capacities K (panel A) and a gradient of total nutrient content B in the system (panel B) in Model III. Stable persistence of an omnivory system is possible in the gray areas. Parameter values are as in Fig. 4 C, D . In panel B, K ϭ 70. Initial conditions were R ϭ 58.5, N ϭ 1.07, P ϭ 1.6. In panel B, for B Ͼ 0.38, the RP system starts to oscillate.
WHY OMNIVORY?
Special Feature of Model III was to demonstrate, that the evolution of omnivory from a purely competitive system is theoretically possible and that the interplay of resource quality and quantity may, again, play a key role in the evolution and maintenance of omnivory.
DISCUSSION
Intuitively, interference among resource competitors seems to be a plausible avenue for the evolution of omnivory. A hypothetical progression has been proposed starting from exploitation competition, followed by aggression to monopolize local resources, eventually leading to intraguild predation (Polis 1988 ). The analysis of Model I suggests, however, that omnivory is unlikely to evolve from a competitive system with a single, homogeneous resource of constant quality, because stable persistence of two competitors is then impossible even if consumers exhibit a trade-off between resource exploitation and interference abilities (see also Case and Gilpin 1974 , Briggs 1993 , Amarasekare 2002 . Clearly, such an evolutionary scenario requires an additional stabilizing mechanism.
The analysis of Model II shows that omnivory can evolve from a food chain, but that persistence of an omnivory system and, thus, the maintenance of omnivory, is dynamically constrained. Stable persistence is impossible or limited to a narrow range of resource carrying capacities, if resource quality is high (Fig. 3 ), but may occur over much broader ranges of resource carrying capacities, if resource quality is low. The latter situation is encountered by many omnivores feeding on both plant and animal material. Compared to animal prey, plant abundance is usually much higher, but the quality of most plant tissues is rather low , DeVries and Stein 1992 . It is, for example, not uncommon that exclusive plant feeding only delays starvation but does not allow reproduction of zoophytophagous insects . In this case, the omnivore cannot persist on the plant alone, and exclusion of the intermediate consumer (which is needed to transform low quality plant tissue into high quality animal tissue) by the omnivore becomes impossible even in the most productive environments (J. van de Koppel and P. M. J. Herman, unpublished manuscript). Loladze et al. (in press) have shown that low resource quality may also enable stable coexistence of two herbivores competing for a single plant with flexible nutrient content (see Fig. 4A, B ). In their model, nutrients bound up in herbivore biomass are not available to plants, and herbivores may, in turn, be limited by the nutrient content of their food. This creates competition for limiting nutrients among herbivores and plants and stable coexistence of the two herbivores is only possible, if all three species are nutrient limited. Thus, low nutrient content in plant biomass is a prerequisite for the evolution of omnivory from a com-petitive system with dynamic plant quality. Stable coexistence of competing herbivores requires furthermore that their competitive ranking depends on plant quality; i.e., the species that is superior at high plant quality must be inferior at low plant quality and vice versa.
Building on the model of Loladze et al., I have shown that evolution of omnivory from a competitive system is indeed feasible, if the quality of the shared plant is affected by plant and consumer densities (Model III). The competitive ranking of consumers may also in this case vary with plant quality, creating the intriguing possibility of stable persistence of a herbivore with an omnivore, in spite of the latter being superior in exploitative competition under some environmental conditions. Low plant quality may be important also for the maintenance of omnivory in such a system, as indicated by strongly negative correlations between resource quality q(R*) and equilibrium density of the intermediate consumer N in presence of the omnivore P ( Fig. 5A and B ). It seems that N can only coexist with P at low plant quality, i.e., under conditions where N was assumed to be superior in exploitative competition. Given the limited analysis of Model III, it is not possible to generalize these observations. The numerical examples do, however, clearly indicate that an explicit treatment of flexible resource stoichiometry broadens the possibilities for the evolution of omnivory, at least at the plant-herbivore interface.
Model III makes the simplifying assumption that consumers metabolize carbon and nutrients in the same proportions as found in their body tissues. Under the more realistic assumption that carbon is disproportionally metabolized to meet maintenance needs , Kooijman 2000 the boundary between carbon and nutrient limitation of consumer growth (thin dotted lines in Fig. 4 ) would be moved towards lower nutrient quota per plant biomass (i.e., to the right). This would limit the conditions for coexistence of the herbivores to a smaller area in parameter space. Possibly more restrictive is the assumption that a sufficiently large amount of nutrients can be bound in herbivore biomass to affect the nutrient stoichiometry of plants. This may be realistic in, e.g., pelagic aquatic systems (to which the model of Loladze et al. was originally applied), but is less likely in terrestrial arthropod systems, where plants are big compared to herbivores and the nutrient content of plant tissues is usually scarcely affected by the amount of nutrients stored in herbivores. Terrestrial plant quality may, however, vary in response to herbivore densities because of inducible plant defenses (Agrawal and Karban 1999) . It is quite conceivable that the effects of density-dependent variation in defensive plant chemicals are similar to the effects of variation in plant nutrient content, because increases in herbivore densities should, in both cases, negatively affect the growth rates of both plants and herbivores.
For simplicity, I have limited the analysis of the roles of resource quality and abundance to stable precursor SEBASTIAN DIEHL Ecology, Vol. 84, No. 10 systems. A nonequilibrium scenario may, however, open up the possibility that omnivory evolves from a competitive system with fixed resource quality. Unstable coexistence of two consumers on a single resource is possible, with the two consumer populations fluctuating in synchrony (Armstrong and McGehee 1980, Abrams and Holt 2002) . Whether evolution of omnivory from such a system is a likely scenario will depend on the balance of two opposing tendencies. On the one hand, selection pressure towards feeding on the competitor may be especially high during troughs of the resource population. On the other hand, however, the victim of intraguild predation may not be able to withstand additional mortality during such population troughs and go extinct, in which case omnivory is not maintained. The result that low resource quality stabilizes omnivory systems is, in any case, consistent with the more general notion that weaker flows of energy and nutrients from the resource to the omnivore can help maintain omnivory in both equilibrium and nonequilibrium systems Hastings 1997, McCann et al. 1998) . Essentially, weak flows from the resource to the omnivore reduce the risk that a sufficiently large omnivore population is sustained to drive the intermediate consumer to extinction. The stabilizing effect of low resource quality is therefore highly likely to extend to nonequilibrium systems.
It must be pointed out that in all numerical examples of Models I-III the omnivore always has a higher growth rate when feeding on both food types than when feeding on either the resource or the intermediate consumer alone. This is an important requirement for the evolution and maintenance of omnivory, because, otherwise, the omnivore should evolve into a specialist consumer of the more profitable food type. Still, the present analysis mainly delineates conditions for the population dynamical feasibility of evolutionary pathways towards omnivory. Whether these pathways are evolutionary likely should be investigated with models, in which traits affecting the capacity to feed on more than one trophic level (e.g., conversion efficiencies) evolve dynamically in response to costs and benefits of diet generalization vs. specialization.
